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2231755 ‘METHOD AND APPARATUS FOR THE RENDERI NG OF GEOVETRI CEFHRES” S
BACKGROUND OF THE | NVENTI ON 1. FI ELD OF THE | NVENTI ON: Thi s net hod and
apparatus- of the present invention relates to the 5 field of conputer
graphftcs nore specifically, it relates to the rendering of volunme data on a
conput.er di splay. 2. ART BACKGROUND: The techni que of rendering vol unes,
t hage*f’s data having three 10 di nensional-gaspects, is frequently used in

t he conputer graphics field for apI [ catlons such as the d| spl ay of images
generat ed through x-Sk AY: APRARK R \IH PR i .

eni ssi on tonography and conput at] onal fI ur d d nam cs. 15
Vol une data is represent ed by aR=Swsa g ) el N §
referred to as "voxel s". Associ at ed W|th each voer are three integer
coordi nates representi ng its location in volune space and at | east one
integer value callqd itEilonss fiE INVENT®SRNt i Ng some property at the

| ocation, e.g. tenperature or conposition, which is not directly related to
rendering attributes. 20 Orfh.lshﬁetbpdendBmatlg@tbmﬁpnesemmmntlm relgtes=tocthe ed

2t col or . ceomobr 1 deRCH!olREle; PP v apae il Hisete ol Fratna o vayime

di spl ay because th@a@éﬁa%ﬁ%bﬁ?&sbﬁ  rendering information necessary to
di splay a geonetric inmge; volune a contains information related to the

vol une object itself. 25 Theref ore, in order to display volune data, the
vol une data nust be translated out of volunme space into a format conpatible
with the display s tengﬁmm’@-?are basically two techniques to render

vokumes on a a The technique of rendering volumes, that is data having three

s

10 dimensional aspects, is frequently used in the computer graphics field for
applications such as the display of images generated through x-ray
crystallography, computer tomography, positron emission tomography and
computational fiuid dynamics.

15 - Volume data is represented by a three dimensional array of
volume elements referred to as "vae!s". Associated with each voxel are three
integer coordinates representing its location in volume space and at least one
integer value called its density, representing some propenty at the location, e.g.
temperature or composition, which is not directly related to rendering attributes.

20  On the other hand, geometric data is represented by an x, y, z coordinate
position and associated rendering attributes such as color. Geometric data
unlike volume data, may be easily rendered for display because the data
provides the rendering information necessary to display a geometric image;
volume data contains information related to the volume object itself.

25

Therefore, in order to display volume data, the volume data must
be translated out of volume space into a formét compatible wit.h the display

system space. There are basically two techniques to render volumes on a



conput er ‘graphics di splay: geonetric and volunetric. In the geonetric ;
approach the volune data is fitted to geonetric primtives which produces a
nodel conprises of those primtives. In the volunetric approach the’vol une
is rendered directly using either nultiplaner reprojection or raycasting
techni ques. 5 Fuchs, Optimal Surface Reconstruction for Planer Contoursy,;
CACM 20 (1977), describes a geonetric algorithmfor rendering surfaces ==
contained in volunetric data by reconstructing a 3-di nensional surface from
a set of contours drawn on serial slice& through the volune. The contours
are 10 commonly obtained usipg, sem -autonatic edge fol] ow ng routines,
Shich ar 6 t hen EPMBHE: TARCS SRR PROBSYIRERR YEWIUEE, 134n¢ BPaeiGs.

pol ygons, or bi - ' T penk i L v e A, Ss I nodel s
whi ch can be rer?ﬁg*ryggh@g ng cgg§%ﬁ§?gﬁg d@%&'ﬁﬁ%&@ém ?P%ﬂlpg%gécﬁni que
for surface reconsiel comprisesicd tiibse primitives. - in fikeivolunsdtricapproatithe Mofueii isNo.
4,729, 098. However, the extractiqn of 15 surface contours frequently
requires oper at 6Pndasec pirectly;using sither, mulliplaser tenspiegtian QfJAYCastAg fachiares t o
retain detailk. In addition, because the volune data is now represented only
by the surface data of the volune; the raw volune data is lost, and partial

surfaces or objects canndkuche, Optinndl Sueidce Reconstruction for Pldnr 8ontelifsprt to
retain surface detail at the voxel |evel the Cuberille nethod was devel oped

(Gordon, |mage $peM 26H187Hgdescribesn gepmietsisalgarithderrendering susiaces si on

G aphics and |1 mg Pro | 9 7-393 (1985)), Jhis.technjque creates a
bi nary volune c %@eéﬁ%gga%}@%sZ’Kée%{"ﬁ'é‘ﬁc%/&fj%?@éo&# ?lﬂ'tf%ﬁ?@m Race
boundary. The fagegt eintdilts drmFbrPsetabslicRBdabash e vblumé hireeomaly ars. This
techni que does not allow for sem -transparent” or partial surfaces. Another
geonetri c alior icommoniy oblaired usingcsemigumatic, edgal folldwitg soutines,iwhialr arect i on

of the surface wth the voxel cube and generates triangles that, give a
~ highly detail edm{bﬁ? rlagysa’@m%?mw PF'WM%P%}@@% .0'9!;8‘&'9 ng
- 3-

patches. These primitives form 3-D pd_lygonal models which can be rendered
using conventional techniques. A similar.techniqde for surface reconstruction is
described in Cline et al., U.S. Patent No. 4,729,008. However, the extraction of

15  surface contours frequently requires operator intervention. Large numbers of
polygons are required to retain detail. In addition, because the volume data is
now. represented only by the _éuﬁace data of the volume; the raw volume data is

lost-and partial surfaces or objects cannot be displayed:

20 _ In-an effort to retain surface detail at the voxel level the Cuberille
method was developed (Gordon, |mage.Space Shading of 3-Dimensional
Objects, Computer Vision Graphics and Image Processing 29, 377-393 (1985)).
This technique creates a binary volume compressed for rendering efficiency
representing a surface boundary. The faces of the voxels are rendered as

25 shaded polygons. This technique does not allow for semi-transparent or partial
surfaces. Another geometric algorithm, known as Marching Cubes, calculates
the intersection of the surface with the voxel cube and generates triangles that

give a highly detailed surface approximation. See, Lawrenson, et al. Marching



Cubes: A Hi gh Resolution 3-D Surface Construction Al gorithm Conputer

& aphi cs, Siggraph 1987 Proceedi ngs, pages 163-169 (July, 1987). Even nore
detail is-provided by the dividing cubes algorithm which represents the
boundary as a set of points. See Cline, et al.,Two Algorithnms For The 5 -
Reconstruction O Surface From Tonograns, Nbdlcal Physi cs June 1988 and
Clike, U S Patent No. 4,719,585. However, these nethods provide for the
surface extraction of the vol ume; the raw vol ume data is not maintained.
Therefore, any further 10 interaction with, the raw volune data is not
possi bl e because only the volune surface in ormation is retained. Thus,

such functions as | transl uc and
interaction with & gé% ﬁh'g\ﬁ%&%' ng@ﬁ Gcf %°§$‘"‘°?'%'é§}9953%t%°w*%{es from
vol umes or Writi n@rafsHi giaph 1981MPivebEdRES, pREss § 16§TRB§;' H%@f) Ever
geonetric object on the vol ume, cannot be perfor e 1571 e conp05|t|ng
t echni que, the vomefredetailis D@leﬁd;wdb%dweimgu;ubeisa!gsnﬂm whickerepresents|ithe
according to vari

d tt I t d
texture ther eby cﬁgwf%a%%?? "rrte. Sﬁeiﬂlﬁe‘i?ataﬁiwﬁf’e@’ég@%’%% " The

different vol uge RaRsGIRRE f 0
vol une representation to e ren ere on arﬁ&’i@n‘ln ﬁ%%lﬁy%gaﬁg%@n,"d
al ., Vol une Rende(iing, U.SoRptentNoGt,2pH685. Si ggraph pr oceedi ngs, pages 65-74,
August 1988; LaVoy, Display O Surfaces From Vol une Data, | EEE Conputer

Graphi cs _and Applications (Myy 1988) and Col dvvasser et aI , U S. Patent
maRping 25 function. Thus oMeph M3 inolRsds oF s BRI el g P
ficant l y | ar gelumiehthad raWsvoimaldaalis N6t dﬁlﬁtaﬁk@& AThérlefth fdrgaaﬁhé}' i asi ng

occur S. 4- Raycasting is a sinple way of direct voxel réndering. Roth,

---- Raycasti h§ Fistersglinn WlﬂgthSdBWd@lumd&atlsanot@csphledmcam onipthe Vilumessi ng

18, surface information is retained. Thus, such functions as partial volumes,
transparency, translucency and in'teraction'with a volume, such as picking (i.e.,
reading data values from volumes or writing data values from volumes) and the
imposition of a geometric object on the volume, cannot be performed.

15 "

In the compositing technique, the volume data is preprocessed by
classifying each voxel according to various rendering attributes such as color,
opacity and texture thereby creating a multiplicity of volume representations.
The different volume representations are then combined to form a single

20° volume representation to be rendered on a display device. See Drebin, et al.,
Volume Rendering, Computer Graphics Siggraph proceedings. pages 65-74,
August 1988; LaVoy, Display Of Surfaces From Volume Data, IEEE Computer
Graphics and Applications (May 1988) and Goldwasser, et al., U.S. Patent No.
4,737,921. However, this technique does not provide for a continuous mapping

25 function. Thus, if the output image to be rendered is significantly larger than the

original volume data, significant aliasing occurs.



pages 109-144; Sabella, A Rendering Al gorithm For Visualizing 3-D Scal er
Fi el ds, Conmputer G aphics Siggraph 1988 Proceedi ngs, pages 51-55, August
1988; Upson et al., V-Buffer Visible Volume Rendering, Conputer Graphics,
Si ggraph 1988 Proceedi ngs, pages 59-64, August 1988. In the raycasting

50

technique a ray is emtted at each pixel through the vol ume along the.view

vector. The val ues determ ned along the ray are conbined to be a S|ngl%n
val ue and displ ayed on the display output. -There have been nmany

al gorithnms-- 10 devel oped to determ ne-g-he out put rendered by the ray. For
exanple, the additive reprojection algorithmproduces an x-ray |ike inmage

by- aver agi ng the i nt endfjaycastingfis aeimmnawpnordirecavmgrqnuerimgayﬁomnot her

Roast L0 R B3 VARR O e oA i e 88853 70

Schl ussel ber g ]paﬁ]s %9-143 -SA0ERASA mﬁberilr@ Argmaworqrsmeheaﬂ pigrae Vol unes,

Proceedi ngs o March 1 986). "KjTya, ~al.,- Raytracing Vol une

Densities, Coﬁralnlsercmmpen GsaphiSs@gggaaph mProeeednngscpedemgt-sspAmt 165- 173,

-

d b t I f -
boundar  es r“ﬁeﬁé@ o BB, Viber Ol e ebtpurt, ?&&%S : ‘S@ab' $.?feice_n
practice, howgy rapht 1988 Péb\ékéélﬁgé‘g:agéﬂ@%&. t‘l’é‘ﬁ’

n ve. I'n e m |planar

conput at i onal | ensive and e Oj ect | on
t echni que, onoemrqmrar@hslemﬂtewat eﬁdvpideltthfo@gﬁlth@vmmhdmbrdltﬁ@bi%wl- ng the
density val ues mapped to sone coloring function. However, this technique,
li ke raycast i ivgstor.s Toenalups determained aiong theatey @re rombined eba acingle valve s

RVENT! O 11 ARB et i e TRGENaLE B oo AR oy e S

met hod ang oapraeverbyéd tocuetdmm@thevah;sumﬁoemy the riit| FSr A@miple; the | M tiTves.
_addmve reproxectlon algonthm produces an x-ray ltke rmage by -averaging the
rntensrtres of volume pomts along the ray Another raycastmg technique
assigns color and opacrty to densrty ranges allowmg the volume to be viewed
| as.a oomposmon of translucent gels (See Schlusselberg. et al., 3-Dimensional
15 Display Of Medrcal lmage Volumes, Proceedmgs of the NCGA, March 1986).
Kjiya, et al., Raytraomg Volume Densmes Computer ‘Graphics, Siggraph 1984
Proceedmgs, pages 165-1 73 descnbes true. raytracrng where ‘additional rays
are spawned at surlaoe boundanes for the calculatron of intersurface
: reflectance propemes ln practlce, however. true raytracing has not been used
20 .because itis computatlonally mtenswe and expensrve in the multiplanar
repmjeotlon techmque one or more planes are moved through a volume
drsplayrng the denslty values mapped to some oolonng function. However, this
technrgue. Ilk_e rayc_:a_stlng, |s cu:mbe_rsome_ and oomputa_tnon intensive and
requires additiona':l_'rende_ri_ngs fo_r dilterent perspectives.
25 -

5
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It is an object of the present invention to provide a nethod and appar at us
for rendering vol unes incorporating vol une- mapped geonetric primtives. 10
It is further an object of the present invention to provide a nethod and
apparatus for rendering volunmes wherein the volunmes may be interacted w th
geonetric objects. In the nmethod and apparatus of the present invention a
neaw® is 15 provided to directly render volunes from vol une data whereby
the resolution of the volune is not |ost 2gd the volune data is conpletely
interactive with geonmetric data. The vol ung or portion of the volune to be

rendered is aligned to a 20 geommwmappi ng function is
generated relating the geonetric prrmtl or vol une portion.
The mappi ng function rel ates each voxel in volunme space to an el enent or

point of the primtive. Thus, the volume is displayed as a function of the
geometric prinitive the vol liifghgrelare g ebiestef:the prasentiayantian taoprogigielan t he

preferred enbodi ' f volune to be rendered is
bound by one or g@éthtgg%r?ég P Pgra[t)%’fﬁqpﬁ:%\#égglﬁﬁ'ee{eﬂ%ﬁprr'rﬁ"\gsv°é‘€ﬂ%‘Pﬁ?‘gwes'
relating the gepnetric primtive, such as a 3-D polygon, to the - 6-

vol une. Thereafter, any geonetric operation performed on the volune is
acconpl i shed by performi ng Hifcamekiectof the prasent invgatinneto pravige & methodearmhd

usi ng the mappi ng ' t ‘anslate t.he vol ynme into geonetry space
wher eby the vol umaépﬁ%%th?iord?g "é’?ev&ﬁ’"ﬁséf‘%‘?'%’lawg VWE"‘E@'&W gamatrieounds
the volune is 5 aprdfifivéd.i near cube such as a nornalized cube having its
vertices range from-1 to +1. By defining the volune as a function of
gewtri c primtives such

10 1t is further an object of the present invention to provide a method
and apparatus for rendering volumes wherein the volumes may be interacted
with geometric objects.

In the method and apparatus of the present invention a means is
15 provided to directly render volumes from volume data whereby the resolution of
the volume is not lost and the volume data is completely interactive with
geometric data.

| The volume or portion of the volume to be rendered is aligned to a
o 20 geometric primitive and a mapping function is generated relating the geometric
primitive to the volume or volume portion. The mapping function relates each
voxel in volume space to an element or point of the primitive. Thus, the volume
is displayed as a function of the geometric primitive the volume or volume
portion is mapped to.
25
In the preferred embodiment the volume or portion of volume to be
rendered is bound by one or more geometric primitive and a mapping is

generated relating the geometric primitive, such as a 3-D polygon, to the



as a polygon, geonetric operations, such as clipping or rotating, may be 10
performed easily on the primtive and the data is used to | ook up through *
t he mapping function to determ ne the correspondi ng volune data to be .

di spl ayed. Furthernore, geonetric data may be easily interacted with the
raw vol une data because the raw volune data is being directly rendered i:n
the geonetry space. -7- BRI EF DESCRI PTI ON OF THE DRAW NGS The obj ects‘y
features and advantages of the method and apparatus of the present
invention will be apparent fromthe foll_gw ng description of the 5
invention in which: FIG 1 is a block di agram of a conputer systemfor the
rendering of vovolume.qTheregferaapy,germetric gperationy perigymed on the volumerds g 2

geomst 1y space. *RREPIbd Yy MatihainF SRBlaRah n % UpmoREBRTRer GBS | "
preferred enbodheanippiig fufStio tBIRMEIate 1E Vbiufie. intbydohiatry/pass Whékeb Iul.élst rate
t he mappi ng and dlsplay of a volune bounded by a geonetric cube.

illustrates a tvolirmedata: m;#gplaygdf lﬂnefetably the pols&onmﬁm'bmdsm mﬂGkATURE
The detail ed_descri gtl on %ki'é | ows .| s resented | ar gﬁlé ﬁerms of

al gorithns ahd RBAYENGS °PE?)F\§ f% anPonRlized B‘t?e?%‘t‘“%\‘%" 2R P -4 to
within a conputgq menory. These algorithm c descriptions and
representatlons

By defining the volume as a function of gebfne"tric primitives such
as a polygon, gedmetric operations, such as clipping or rotating, may be o/
10~ petformed easily on the primitive and the data is uised to look up through the
mapping function to determine 'the"corrSSponéin:g volume data to be displayed.
Furthermore, geometric data may be easily interacted with the raw volume data

because the raw volume data is being difectly rendered in the geometry space.



are the neans used by those skilled in the data processing arts to nost
éffectively convey the substance of their work to others skilled in the
art. An algorithmis here, and generally, conceived to be a self- 10
consi stent sequence of steps leading to a desired result. These steps are
those requiring physical manipul ations of physical quantities. Usually,

t hotgh not necessarily, these quantities take the formof electrical or
magneti c signals capable of being stored, transferred, conbi ned, conpared,
and ot herwi se nani pul ated. It proves convepjient at times, principally for
reasons of common 15 wusage, to refer to these signals as bits, val ues,

el ements, synbols, characters, BBIBFS RIBEIO DRAWKNGS!t shoul d be
borne in m nd, however, that all of these and simlar terns are to be
associated with the .appropriate physical quantities and are nmerely

conveni ent | abels applied tq“?%{?%ﬂ?g@?‘;eéfﬁa?‘ﬁﬂ?g?%' the m%thod EH(E é&%@tg%he

mani pul ati ons perfornmed are ofte such as ad
conparing, which aottheqresent investiomowilltbechppatdnt fromtthé followingidegbisptiofrdr igTed
by a human operator. No such capability of a human operator is necessary,
or desirabl e i n®no#tveptignein whigh:any of the operations described herein which
formpart of the present-invention; the operations are 25 nachine
operations. Useful machines for performng the operations of the present
invention include general pEIGOFR &bk FEHTD flﬂg-fh Py :
devices. In all cases there should be bglrargle inpéneg@p?ﬁgwi stifﬁlctﬂecgﬁﬁ%egtn en
t he nmet hod oper at i ehyvolumesiata en & sgmputesdisptayr and t he net hod of conputation
- - itself. The present invention relates to nethod steps for operating a
coSfT)/Ut er in processing electrical or other (e.g., mechanical, chemcal)

~ Physical signakg to generat ‘i‘l?.tfﬁfusﬁ&ébﬁ@nﬁpﬁﬁb?%olﬁhgrb?érﬁené in volume

The present invention also relates to apparatus~for performng '%hese

operations. This apspacefouslements iregegmetnedgageconstructed for the required
purposes or it may conprise a general purpose conputer as selectively

, _FlG. 3a, 3b and 3c¢ illustrate an application of the preferred
embodiment of the present inveﬁtion.
15 |
FIG. 4a and 4b illustrate the mapping and display of a volume
bounded by a geometric cube. |

FIG. § illustrates a trilinear mapping function.



13

activated or reconfigured by a conputer programstored in the conputer. The
al gorithns presented herein are not inherently related to a particul ar
conputer 10 or other apparatus. In particular, various general purpose
machi nes may be used with prograns witten in accordance with the teachings
herein, or it may prove nore convenient to construct nore specialized ;™
apparatus to performthe required nethod steps. The required structure ?@w
a variety of these machines will appear fromthe description given bel ow
15 -10- DETAI LED DESCRI PTI ON OF8¥HE | NVENTI ON General System

Confi gurati on SNOTATION AND NOMENCLATUREWs a typical conputer-based system
for rendering of volunme data on a conputer display according to the present
i nvention. Shown there is a conputer 1 which conprises three ngjor
conponents. The first of Thdidemiled deswription whichubiwis ié prédentidniatgely id Whi ch is
used to comruni cate information in aPproprlater structured formto and
fromthe ot her tpéms af algorthms asesymbolia represeniations otrperations enisiata bits

Carrer two & ettt Srorhadeionas; cHhees lastinee dosblotrael isspiroes
conputers and ah/gRRé nidlahs %e@d:bﬂhoaa%Rmsexrﬂﬁaaaia%racesgmgfa%tm mdsg several

el ements contained within conputer 1 are intended beé representative of
t hi s broad cat eeffecjively carmey the sulstarmesaf their work &b aﬁhe@skmpdmsthefamw tabl e
data 15 processors to fill the role of conmputer 1 include machines

manuf act ured by Sun M crosystens, Inc. Nbunt ain View, California. Oher

conmputers having like Caﬂﬂtaldrd{@ﬁ?st ﬁ@rg Mﬁ@agﬁggﬁggggge st

straightforward nanner to pe func I ons el ow. 20 u

Al so shown 10 Feonsistentsequericemd stepe leatsingto sstesived iresulty These srepbaerk tiosé as a
keyboard. It shoul d be understood, however, that the input device may
actually be a cW'WMF‘“’#&@WE@@@'&°fM§Palt%§*'tiﬂ§ad&uaﬂbrth@49M°t

necessarily, these quantities take the.form of electrical or magnetic signals
capable of being stored, transferred, combmed compared and otherwise
manipulated. It proves convenient at tnmes prmc:pally for reasons of common
15  usage, to refer to these signals as bits, valuss, elements, symbols, characters,
terms, numbers, or the like. It should be borne in mind, however, thai all of
these and similar terms are to be associated with th_e appropriate physical

- quantities and are merely convenient labels applied td:thése quantities.

20 _ Further, the manipulations performed are often referred fo in terms,  \o

such as adding or comparing, which are commonly associated with mental
operations performed by a human operator. No such capability of a human
operator is necessary, or desirab_le in most cases, in any of the operations
described herein which form part of the present-invention; the operations are

- 25 machine operations. Useful machines for performing the operations of the
present invention include general purpose digital computers or other similar
devices. In all cases there should be bome in mind the distinction between the

method operations in operating a computer and the method of computation




wel | - known i nput devirce (including, of course, another conputer or

donput eri zed data gathering | ab equi pnment such as conputer tonography 25
equi pnent). A nass nenory device 6 is coupled to the I/Ocircuit 2 and
provi des additional storage capability for the conputer 1. The mass nenory
may .i ncl ude other progranms and the |ike and may take the formof a magnetic
or pelper tape reader or other well known device. It will be appreciated

t hat' t he data retained within nmass nmenory 6, nay, in appropriate cases,
be incorporated in standard fashion inteconputer 1 as part of nmenory 4. In
addition, a display nonitor 7 is illustrated whichis used to 5 display
nmessages or ot her #eglinifiecpresent inveotiarivelatescto. mahodstaps! tos pberating aicbmbutehin
take the formof any of .seV{sra.I wel | -krzovvn varieti es of CRT di_sPI.ays.
Preferably, the di BACR§SING Rieckicakor;athel (6,0, mechanira); chamicalhphysical sigaals o

di spl ay device whi ghnérafe &hgp&@sy,ea%ﬁyg%,%@ajsnages rendered according to

the process of the present 1nventi sof control 8 is used to select

command nodes 10 and edit the input data, such as, for exanple, the scale
of the typeface, and provides a nore convenient neans to input information
into the sy_sten$ Process OvdmgiRsgsentinvention also relates-totapparatushiod peratming

f th ' ' bj ect . i on of |
by oct  i's al i gned” WIEER ShetebRe TR afudAbi ey b Sircialy cBtrveteR Reregired
function between t BarpBeesTo R irayfiohprisé X beheral fABid XOﬁWﬂﬁeéiD&éVO' urme

obj ect in volunme space is generated. Through e use of the mappin
function, transfor Aelivatad onsecoufigyredrhy acdmputergwogram storegdn thiei contpul). Thay be

performed on the volu simply.b erform ng. the geonetric operations on
t he\""%r imtives t healsaﬁﬁms é’%s%as%a%%aramt &hawgﬂﬁmlﬁgd {a papicuias pemputag
vol ure data. The Vel biker S8datuk N o rﬂgﬁgl Al t
vol ume 25 object contal n?élgatuﬁe a?%rrﬁ?lg%?‘é% 0 gtgﬁé'%\%ﬁ%ﬁgé g‘%be&ﬁ%sghayggl ar
| ocation in vol umeuserhwith peogeams erritien innaceBrdahye Witls fHeteachings 126iR, dakmky S
| ocation in a 3-D array of .
prove more convenient to construct more specialized apparatus to perform the
required method steps. The required structure fqr a variety of these machines
will appear from the description given below.

15



voxel s representative of the volunme object. To display the vol une object
the volune object is described in terns of at |east ohe geonetric
primtive, for -12- exanple, a cube. The geonetric primtive or .
primtives used should be of such a size and aligned in a manner that the
vol ume or portion of the volume to be rendered can be mapped to the -
primtive. It is preferable that the primtive used is normalized in ord%i
to sinplify subsequent conputations thgt may be 5 performed such as
magni fication, translation_gor rota i g of the |nage For exanple, referring
to Fig. 2, a portion of a otk BIRTIQN. Of WENTIQNe vector 80 can
be mapped to a geonetric vector and dlsplayed in screen space. This vector
once nmapped, may be easily be rotated 10 and translated in the geonetry
SpRE xtem Cdrdigumtiani on/ transl ati on operations on the
geonetric vector t he volune vector is mapped to and Iooklng up the
correspondi ng vol une el ements using the mapping function.

This is partg cularly use exjraction
usi ng vol ums5 vector pri mi: \1/e$§6 @%?ngp'l“%? P%?ﬁ%&t%%%gfﬂ@%"% 3b and
3c, a vol ume’ obyalume Waja 6reprcomputer bisplay acterding 18 Ml SresOit GVeRtidkICERbwn t he

voI unme contains capillaries 100 that are |ocated throughout the volune. It

i s sometimes deteresis|accamnputsstt which gomprisasithies: reajor componentsi Theé ficstos vari ety

f h ha f th |1
Chrough e 11 sye e IREPEALER BatiGEwnBR Id useop erbmutiele eyl
by mappi ng vol UFappRspriaidly éamaaredmwahhaﬁomaaa{tﬁraw&tn%aorg;égxeﬁh0”9 the,

curved surface, e.g., a capillary V

geometric vERt oAlsoshgwh@samat afsompdtec dris ﬂmmundarmmlsingmndfecauy 8 angpped
t her eby render| a dis showing the capillary fromdifferent

perspecti ves, %e%/%'éﬂ?réwemw\% afe those tyaically foung-ingnoggeneral

purpose computers and aimost all speclal purpose compUters. In fact, the

several elements contained within computer 1 are intended to be representative
of this broad category oi'data-processofs. Particular examples of suitable data
15 processors to fill the role of éomput_er 1 include machines manufactured by Sun
Microsystems, Inc., Mountain View, California. Other computers having like
capabilities may of course be adapted in a straightforward manner to perform

the functions described below.

20 Also shown in Fig. 1 is an input device 5, shown in typical \J
embodiment as a keyboard. it should be understood, however, that the input
device may actually be a card reader, magnetic or paper tape reader, or other
well-known input device {inciuding, of course, another computer or
computerized data gathering lab equipment such as computer tombraphy

25 equipment). A mass memory device 6 is coupled to the /O circuit 2 and
provides additional storage capability for the computer 1. The mass memory
may include other programs and the like and may take the form of a magnetic or-

paper tape reader or other well known device: It will be appreciated that the



-13- Preferably, the’volune is mapped to one or nore geonetric primtives
Wwhi ch forma three dimensional object such as a rectilinear cube. The cube
is aligned such that it bounds the volune. As illustrated in Fig. 4a, the
vol une object 150 is bounded by cube 160. A mapping function is generated 5
between the voxel s conprising the volume and the [X,y,z] coordinates of the
cub® Once the mapping function is generated, a variety of geonetric
operations may be perfornmed on the vol une, obj ect through operations
perfornmed on the cube. For exanple, a poFFFon 175 of the volume 170 nmay be

renoved by per f or nidag retaineei withiPPRES Friegitty 8mbyfian sﬁﬂ%pﬂé@%.FPe resul ting
10 image of the volune reveal ed can be easily displayed, as illustrated in

Fig. 4b. The mappi M§omeried ivstandard fasbion intatcomputer d s partrof asemorgianc e
bet ween each voxel of the volune object in volune space (also referred to
as (u,v,w) space) and a vertex or grid point of the geonetric primtive in

[Xy,z] 15 space (geometry $paddition, hldi tﬁg?iﬁﬁiﬂsgﬂ%aé@g’#@hgﬁg%f@ ect is

"fitted" to the geonetric primtive su oundaries o0 nme are
mapped to the bSundiplaymessagésorpthercommunications totke usbriSSudh e diSPRY infthitor
function links the Ioca\g‘gnf‘%}q_ of the voxels 20 stored in nenory to a
particular x, y, zMay3KAKe o atyiof sevaralwel-knownwereties ot GRT displays. t he

I data i : ' ' : ' d
ot o The f unot ToioraBly, tHaRnepimgticr 116 s tich eS8 Bordureleefer ooy | <
mapped to the cl osdevice which)can wigpiaythe VolurRAfrges Rinde e @cBrding toalhé‘%db‘@gs

has the dinmensions (10 x 20 x 30) and it i-s nmapped to a nornall zed
regtilinear cube h&\hepresent invetiope A cussercontrold isaised tolselert commandmades

e t th It | e s gk | b d.to.th t
of the cube i "PheA08eEthe Fodl S, o abjof it dneiScAR BB retgon md
position in the ar pyideb@ ma conniEmihshriaRo PR MbrinatioM fitd/ felsy e,
coordinate location [1, 1, 1]. The vaeI S

Brocess Overview

15 In the method and apparatus of the present invention a volume
object or portion of a volume object is aligned with one or more geometric
primitives and a mapping function between the geometﬁc primitive in geometry

' space and the volume'-object in volume space is generated.. Through the use of
the mapping function, 'trahlsformation-, viewing and other geometric operations
N\, 20 maybe performed on the volume simply by perfbrming the geometric
operations on'the primitives the volume is mapped to énd translating the

corresponding volume data.

The volume data, that is the voxels representative of the volume
25 object containing the attributes of the volume at a particular location in volume
space, are stored in inemory according to each voxel's location in a 3-D array of
voxels representative of the volume object. To display the volume object the

volume object is described in terms of at least one geometric primitive, for



t

-14- between the position (1, 1, 1) and (10, 20, 30) in vwolune space are
mapped to the cl osest vertex to the val ue conputed using a size proportion
cal cul ati on between vol une space and geonetry space. In the present exanple
the u:x proportion is equal to 10:2 because the nunber of voxels inuis
equal to 10 and 5 t he nunber of vertices in xis 2 (-1 to 1). Thus to the
mappi ng function may be [err]. The function may al so be a first ordeh{
function referred to as a trilinear function wherein a weighted average
calculation is performed on the eight clgsest vertices in geonetry space to
determ ne the location of the volune.vertex in geonetry. space. Using a
first order func@OWlearubecIhg goometia mgm!ma ernrmuvqshaedlshonldmemfsucrg t he

anount of ali asi rre dat a Ref erri ng
fo B, 5, a o,z Bht RISHEIAS MRS B vlRe 4FbSoR LN tere

ei ght cl osest V%hd&e&&ahbegﬁpﬁebﬁdlfeoﬁﬁﬁi |- o st { b, c,
d, e, f, g and h. the coordinate Ioeatlonu%él‘ ![l‘%eﬁrefgiéehl?fha’l’ﬂ? drﬁﬁg\{ee'?sne’\dned
according to thesnermalmengr orglento slmpllly5upsequpn[mm;}utétmns]thdtenay] bderr] where
Xis the georgetrlc Ioc& n_of the voxel 200 at |ocation [u,v,w) in volune
space, a, b, ' as;gopi '8?‘!9"! franslation;or rotation,of the iPaBsat e

| ocati ons of the corners of t he cube whi ch surround the vol une coordinate
to be determ ned and FRACT. is a function which determ nes . the fractional

portion of the 25  coor dFeradxempt)cefetring to iy 2'g pbiioh of @Wollafe been
det er m ned, anyd%gorretrl c operation. nodification or -manipulation which is
performed on gedfRiesentativa,pla yalumg vegior B cap basrppad tha geometris \tebloeand

through the 960%;{% yedhh sBeleh aée'e{l%? é/pp%golﬁgemaaper{:aﬁpay%e easrly Be FSied” © v

different view ng mensi ons, spec
"~ 10 and translated in the geometry space srmply by performmg the

rotatron/translatron operatrons on the geometnc vector the volume vector is

mapped to and looking up the corresponding volume elements using the

mapping function.

15 ' Thisis partrcularly useful for the techmque of curved surface
' extractron using volume vector pnmrtrves For example refernng to Figs. 33, 3b
and 3c, a volume object may represent human trssue and/or organs wherein the

‘volume contarns capillaries 100 that are located throughout the volume. ltis

sometrmes desirable to extract a caprllary and to vrew rt from a vanety of \.J
20 perspectives to determrne the exact path or shape of the caprllary through the
tlssues/organs representatrve of the volume. “This is achieved by mapping
volume vectors 110 to geometric vectors at point_s 120 :along the curved surface,
e.g., a capillary. Once the mapping is performed. the/geometric vectors may be
rotated and eorres'pOnding'vqu'me data is .mapped thereby rendering a display
25 showing the capillary from drfferent perspectrves. for example the perspective
illustrated in Frg 3c.



perspectives of the volunme data, the geonetric primtive is nultiplied by a
#15- transformation matritx which accordingly nodifies the volune data
mapped to-the geonetric primtive. In addition, volume primtives are
defined. The volunme primtives 5 are primtives such as a point, vector,-
pol ygon or ray which have definition in volune space and correspondingly in
t he seonetry space according to the mappi ng performed. Thus, for exanple, a
point has a location in [x,y,z] space and (u,v,w space, a vector has two
points in [x,y,z] and (u;v,w) space which _define the end point of the
vector. Simlarly, a polygon has a plurality of points 10 in [X,y,z] and
(u,v,w) space which define Prefeigblynthervolumeis mappeddd poent mare gaonatec a

single point in [X ] s which maps to.a plyrality of points ip (u,vw)
space. The prinmiti ei@ﬁ'}fﬁﬁaﬁ@ﬁd‘%@iaE‘Uﬁﬁﬂ“ﬁ'ﬁ,“’"@ﬁ?}m?‘aéﬁ’c s Bt’%&"v\?@é’upﬁt er act
with the vol une datRe clity is@ Such3h&it BBuni > i a
portion of the vol umect o] 'gxpggqéa arf ?n?éﬂrtimodrnugmﬁ%ﬁﬁ@gﬁga?ﬂnu@?rﬁfmﬁ I n
Fig. 4a and 4b 15 velumeeibjech 150 isyhpunded by cabb 160.sAimappingfyunctiopds bereratedl t he
vol une to expos aEei nterior surface, of dLhe vol une. The prim¢tives may al so

be used to gene? at 2EWEERAYIXE  FAmpIEinadhe Melumaandiihe fxy-#leoprlingies eithéol une
space where the ef fged. Gﬁ(yv%@,g ﬂpmi?amﬁ%{anggpgnér&epﬁ%@ g{cda%r&&ﬁé ul in

medi cal em ssion therapy erein the prac n previewthe

interacti on of a pepératiaris inaybe pariommed Grsthe voiane objeaiitRBugts opéraiéngTi ti ves
w th human tissue which has been generated in the volune space. Thus a nore
realistic i mage i sPBHRiNedLRn thecube cFonaxamplana parion Hisps thewalyme 1 20 wayibet he

ray yol une data an t : | d of . thea. vol . 2D
(0} e, dat 2, A ferlect et 455 BBbIfPu 81 b R0 SRk W el
enbodi nent, it10s @NagteoHithé RolumRLERSNLE cat séeésag!dw‘agea 04d ifistratdddR Fig. 4b,
variations and uses wll be apparent to those skilled in the art |nq|ght
of the foregoing description.
The mapping function provides a mathematical correspondence
between each voxel of the volume object in volume space (also referred to as
(u,v,w) space) and a vertex or grid point of the geometric primitive-in {x.y,z}
15 space.(geometry space). It can be_ said that the volume object is “fitted" to the
geometric primitive such that boundaries of the volume are mapped to the

boundaries of the gebmetric primitive.

Thus, the mapping function links the location(s) of the voxels

20. stored in memory o a particular x, y, z coordinate location of the geometric
primitive(s) the volume data is mapped to. The mapping function used can be
any order function. The function can be a zero order function wherein each
voxel is mapped to the closest vertex in geometry space. For example, if a
volume has the dimensions (10 x 20 x 30) and it is mapped to a normalized

25 rectilinear cube having its vertices located between -1 and 1, then the voxe! at
the position in the array (1, 1, 1) wou_ld be mapped to the vertex of the cube at
the coordinate position {0, 0, 0} and the voxel at the position in the array (10, 20,

30) would be mapped to the vertex at coordinate location {1, 1, 1}. The voxels

Vo,



- 16 - CLAIMS 1. A nmethod for rendering volune obj.ects on a
conput er graphics display, said nethod conprising the.steps of: storing
vol une data representative of at |least a portion of a volunme object in
menory, said volume object being represented in a (u,v,w volune space; .
generating at | east one geonetric primtive to correspond to the volune .-~
obj ect, said corresponding geonetric priri4-i ve being represented as a \¢
plurality of geonetry coordinates including a plurality of boundary =
coordi nates, sai SPIWBRIE RASHONGT . 1.5 @Ad 415, 20c§8r"6?’?ﬂdﬂ‘@§l’é@¢ RFE RMaPReddo

correspondi ng ge t £ d 4G, L) ) | ' LGy
primtive bei ngomraecg)drsgggvnétr{epé ‘emy'f%l’arﬁ%%g?é@é@?gﬁg%E)%?%P%@%‘aé%é@%“oﬁavi ng a
reference frane, bawedn ge0ARISPacE AAE debRb@Sspee] MRSkl edSmpte NG ON

of the reference frane, said geonetry coordinates representing a

plurality of corr@&pemnignigeenaltr A§Rhgcauseshe nonber of yapels i u iy equal tosi0 and

di splay; alignd t h | ‘obj] ect .tQ,t _ di . tri

primitive: 'ggr'}ée?gmenngfﬁb%ﬁiéﬁ%fﬁaéﬁﬁ it B0 G cFhR I e mpa 08 Fifhon G be o
f

said geonetry c nates of said corresponding geonetric primtive
usi ng the boundary cobor di ndf@dungyien maymlsede a felnrgerfuactiongptergditoasa on

the correspondi ngy@ROIELALBARKAIER &' Relb AR a \WOLHAPE cBRLEGSN ISperiormed on the
eight closest vertices in geometry space 1o determine the location of the volume |
veriex in geometry space. Using a first order funmion.produces a smoothing _
10  effect thereby minimizing the amount of-aliasing which occurs when the volume \;J
data is mapped. Referring to-Fig. 5, a voxel 200 is mappedto a bounding cube
by determining the eight closest verticies in geometry space illustrated by
vertices, a, b, c, d, e, f, g and h. the coordinate location of the voxel is then

determined according to the following equation:

15

' X = {[(a*FRACT(u)+b#*(1-FRACT(u)))*FRACT(V)+
(C*FRACT (u) +d¥ (1-FRACT (u) ) ) # (1~
FRACT (V) ) ] *FRACT (W) +[ (e*FRACT(u) +

20 . £*(1-FRACT(u))) *FRACT(V)+(g*FRACT(u)+

h* (1-FRACT (u) ) ) * (1=FRACT (V) ) ) * (1-FRACT (W) ) }
where X is the get_:ﬁé_t_ric location of the voxel 200 at location {u,v,w]} in volume
épace. a, b,.c,d e,f, g and h are the eight {x,y,z} coordinate locations of the
- corners of the cube which sumound the volume coordinate to be determined \J
and FRACT is a function which determines the fractional portion of the

25 coordinate.

Once the mapping function has been determined, any geometric
operation modification or manipulation which is performed on geometric objects
may be performed on the volume object .tﬁr'ough' the 'géofneiﬁc' primitive the

30 volume is mapped to. To achieve ditferent viewing dimensions, aspect ratios or

perspactives of the volume data, the geometric primitive is mutiiplied by a



mapped to, thereby resulting in a nodified geonetric primtive, and

di spl ayi ng the volune data according to the geonetry coordi nates of the
nodi fied-geonetric primtive using the mapping function determ ned,
whereby the vol unme object displayed is nodified according to the geonetric
operations perfornmed on the correspondi ng * c L M S * - 17 -
geométric primtive. 2. The nmethod of claim 1l wherein said correspondi ng
geonetric primtive is a rectilinear cube and said nmapping function is a
zero order function, said boundary coordiitates defining said rectilinear
cube being the geonetry coordinates of its vertices, the zero order

function mapping tifRRs{dMatien matrx which aecomingte mogifies e yaheme ata marped oo a
Beimg deter i ned- abe SEBTRKICRARREE, 1215 O% fon hetveen the’ nunber of
vol ume el enents and the distance between the vertices of the rectilinear
cube in each dinension of the [X,y,z] reference frane. 3. The net hod of
claim 1 wherein said corresinoadsition. yeme primtives arei dafined. The yolimetprinitivear
e e en T B s B ot Bk s e L WA DR
?ﬁ?;? :ngi;fis ngf ) Ltesvdﬁ%é sp&Se afd'EorfdspShdirjififthé YBEMbY shade' ddeBfigto the
mapping performed. Thus, for example, a point has a location in {x,y,z} space
and (u,v,w) space, a vector has two points in {x'.y,z} and {u,v,w) space which
\_/ define the end point of the vector. Similarly, a polygon has a plufality of points
10  in{x,y,2} and (u,v,w) space which define the boundaries of the polygon. A ray
has a single point in {x,y,z} space which maps to a piurality of points in (u,v,w)
space. Theprimitives may be used to add to, subtract or otherwise interact with
the volume data. For example, a primitive may be used to slice-away a portion
of the volume to expose an interior surface. This is illustrated in Fig. 4a and 4b
15 wherein a polygon is uséd to slice away a portion of the volume to expose an
interior surface of the volume. The-- primitives may also be used to generate a
geometric image to interact with the volume in volume space where the effect
may be displayed. This is particularly useful in medical emission therapy
wherein the medical practitioner can preview the interaction of a partical beam
20 or laser beam created using primitives with human tissue which has been
generated in the volume space. Tflus a more realistic_image is provided
because the geometric image interacts with the raw volume data and not the

surface extraction data of the volume.

25 ' ‘While the invention has been described in conjunction with the
preferred embodiment, it is evident that_numerous alternatives, modifications,
variations and uses will be apparent to those skilled in the art in light of the

foregoing description.



vol une data to deternine the geonetry coordi nates the volwunme data is mapped

to. 4.

i nterpol ating the geonetric data conprises the steps of:
geonetry coordi nates of the eight closest vertlces of the rectil | near cube

coordi nates where the volune data are mapped to, as a functi the
geonetry coordi nates of the eight Ll pgest ver ‘“;“ E%m

L M S * - 18 - distance fromthe vqu nction
being defined as: [err] [err] [err] ShAI¥Serr] wher X = the nmapped

geonetry coordi nates of the volume data -(u,v,w, a,b,c,d e f,g and

are
FRACT

i's

t he

S

vol urme dat aséébg g, S.

The method of claim3 wherein the nmethod for trilinearly

storlng volume data representatlve of at least a

'portlon of a volume object in memory, said volume object

being represented in a  (u,v,w) volume space;

‘generating ' at -least one geometric primitive to

‘correspond to the volume object, said corresponding
geometrj,c. primitive being r:ep_res__ent_ed,_ as.a plurality of
geometry coordinates including a plurality of boundary
coordinates, said plura_lity of bou_ndary coordinates
defining the corresponding geometric primitive, said
corresponding geometric primitive . being represented

~within an {x,Y,2} coord-inate space: having a reference

frame, saJ.d geometry coord:mates being. defined as a
function of.' the ' reference frame, “said geometry
coordinates representing a plurality of correspond:.ng
displaying pixels on a computer graphics.. display;

aligning the volume object to the corresponding
geometric primitive; | _
| generat:.ng a mapping funct:l.on whloh maps said
volume data to said geometry coordlnates of said
correspondmg geometrlc pr1m1t1ve usmg the boundary
coordinates;

performing - -geome_tric :operat:i.ons " on the
corresponding geometric primitive the volume object is
mapped to, thereby resulting in a modified geometric
pr1m1t1ve, and

dlsplaylng the volume data accordlng to the

geonetry coordinates of the modified geometric primitive
using the mapping function - determined, whereby the

volume object displayed is modified according to the:
geometric operations.- performed. on the corresponding .

determ ning' the

h

<

Y, Z] orret o] i nat e of the ei t cI ses vertices of t he
rectili neari(tube ‘t#?% ﬁ{ﬁrtﬁg g o¥Pkpe 8 rhﬁet 8Prifed and
compuber | tgrapl:lmqsh display nesatiide fhethiod omlmppmﬁmm thet he
The met hod of cl ai m 1 V\herel n sai d vol unme obj ect



one of a plurality of volunme primtives, said volunme primtives conprising
a point, a vector, a pol-ygon and a ray. 6. The nmethod of claim 1

wherein t-he geonetric operation performed is the ﬂﬂ+LLpLL£§LLQE__ﬁ__
t he correspondi ng geonetric primtive by a transformation matrix whic
rotates the correspondi ng geonetric primtive and ther l

di sm'ayed vol une object. 7. The nmethod of claim 1 mmm’ Im
geonetric operation performed is the nultiplication "of¢ tthe
correspondi ng geonmetric prinmtive by a_tgangformation matrix which changes
t he di nension of the corresponding geonetric primtive thereby changing

the size of the - 19 - displayed vol une object. 8. The net hod of
claim 1 wher gbBmbeigepramitdveperation performed is the

mul tiplication of the corresponding geonetric primtive by a
transformati on matri x which translates the correspondi ng geonetric
primtive thecteby Theamsdtdiddgof t bkaimoluwherdirecsail spbayedpofiding The

method of cl a{ggbmét g i&?.'&gg‘r)m”‘f g QRel tl%at}te[]c%e Cahﬁ thg;

interaction of an intera |ng gonetti & prim tive W orresponglng
geonetric prunappvagtW§n¢¢u9ne1§bpe@arpsondppedunstineuegyld boundary

\I?M“t E“ t't\é: ”Sgegﬁghgnijibi '&&fiﬁfﬁén%a@i@rf%&&'tilﬂhbﬁkt | M8be | Deirndf CtRet ed
geometry coordinates of its vertices, the zero order
function mapping the volume data to the geometry
coordinates closest to a plurality of ideal geometry
coordinates, said ideal geometry coordinates being
determined as a function of the proportion between the
number of volﬁme elements and the distance between the
vertices of the rectilinear cube in each dimension of

the {x,y,2} reference frame.

3. The method of claim 1 wherein said corresponding
geometric primitive is a rectilinear cube and said
mapping function is a first order function, said
boundary coordinates defining said rectilinear cube
being the gebmetry coordinates of its vertices, the
first 6rder function trilinearly interpolating the

L volume data to determine the geometry coordinates the
volume data 1s mapped to.

4. ' The method of claim 3 wherein the method for
trilinearly interpolating the geometric data comprises
the steps of: |

determining the geometry coordinates of the
eight closest vertices. of the rectilinear cube which
surrounds the volume object to be mapped; and

computing the geometry coordinates where the
volume data are mapped to, as a function of the. geometry
coordinates of 'the?eight closest vertices and their



di spl ayed. 10. The met hod of claim9 wherein the interaction of the

I nteracting geonetric primtive is to superinpose the interacting geonetric
primtive on the corresponding geonetric prinmtive the volunme object-is
mapped to thereby superinposing a volume primtive mapped to the '

I nteracting geonetric primtive on the volune The~,
met hod of claim9 wherein the interaction of tﬂ I'I m ﬂﬂ Iﬂaﬁ orret ric
primtive is the renoval of a portion f8the correspandi*ngsgedbnetric

primtive the volune object is nmapped t0, said portion determ ned
according to the size, shape and |ocation of the interacting geonetric
primtive 4whereby e ¢ ' §sRaRd! Ng ggrtl f FRECYQLHMELQ ct

di spl ayed |s Yenoved. fréﬂ] q? % Theanetho ng Faﬁﬁ19 mheré?%fthe

i nteracti on &sfined iageracting geonmetric prinmitive is the extraction of

portions of the ocprs esposdiRtcPaO B+ { C-PRAGT LhYF) +FRAGD(WE Object is
mapped to, said portion determned according. to the size, shape and

| ocation of the int yLive, wher eb t he
i | on(SRRAER(wy +APOIBHAGT () PIAIALIYE. M ved

correspondi ng portion ed is displayed. 13.
A nmethod for renderi 0 raphlcs di spl ay
wherein the vol une %@%‘{.PYE) ﬁp@%é@%@ Ph@@@ﬁ*g‘ﬁh sai d.net hod

conprising the

f*(l-FRACT.(u)) )*FRAC-T(V)+(g*.FRACT(u)+ .

h*(l-FRACT(u)))*(1—FRACT(V))]*(1 FRACT(w))} )
‘where x = the mapped geometry coordlnates of the volume V
'data (u,v,w), a_b c_ d,e, f,g and h are the {x,y.z}
geometry coordihates' of ‘the. eight closest vertices of
the. rectlllnear cube whlch surrounds the volume object
to 'be determined and FRACT _is a functlon which
determines the fractional portion 'of the volume data
{(u,v,w).

5. The method of claiﬁ 1:uhereih said volume object is
one of a plurallty of volume prlmltlves, said volume
prlmltlves comprlslng a p01nt a vector, a polygon and a
_ray. '

6. " The method of claim 1 whereln the geometrlc
operation performed is . the multlpllcatlon of the
corresponding geometrlc pr1m1t1ve by a transformation
matrix which rotates the correspondlng geometric
'pr'imiti\'le and therefore rotates the dlsplayed volume
object.

7. The method of claim 1 whereih the geometric
operation, performed is the multlpllcatlon of the
correspondlng geometrlc pr1m1t1ve by a transformatlon
matrix whlch changes the dlmen51on of the correspondlng
geometric pr1m1t1ve thereby changlng the size of the



steps of: storing
portion of the vol

in-menory vol une data representative of at |east a

une object, said volune object be#ng_LEQL§§§ﬂ£§?*£g_?
(u,v,w) volune space; generating at |east one geonetric primti

he vol une object which bounds the Mm” ' | L, three
di mensi ons, said correspondi ng geonetric primtive b o H >”#'Ias a
aky '«

corresponding to t

plurel ity of geonetry coordinates including a plurality

Boun

coordinates, said plurality of boundary coordinates defining the
correspondi ng geonetric primtive, said ggrlesponding geonetric primtive

bei ng represented
a reference frane,

in an [X,y,z] geonetry ace, said geonetry space having
sai d geonetry coordi nates being defined as a function of

t he reference aigﬁfayfaa§glgﬁgng?igcepordinates representing a plurality
Xe

of correspondi ng di sp

gr aphi cs di spl ay;

ayi ng pi I'n the screen space of the conputer
generating a mapping function which maps said vol une data

to one of sai dggeonet mhecofib8hBal e6£0fcEiml Q0! LRePBRHI NBheJCQ8EhELtEic

primtive which
- 21 - perforn?ﬂﬁf

b ds . th I bj ect using the, boundary coordi nates;
BELABL - PETERERSS kS CFPehomEIFIBLAGABAAR g&firorthe

prinmitive the corvespohiiing igeomsneit t primiieivay byessl ttrgnsforma®ioh i ed

O cboy BAEYE: S TLENARE YOO B AL s

primitive thereby translating the volume object

disp

9.

layed.

The method of claim 1 wherein the geometric

operation performed is the interaction of an interacting
geometric primitive with the corresponding geometric
primitive the volume object is mapped to whereby a
volume primitive mapped to said interacting geometric
primitive is' . interacted . with the volume object
displayed. '

10. The method of claim 9 wherein the interaction of
the interacting geometric primitive is to superimpose
the: interacting geometric primitive on: the corresponding
geometric primitive the volume object is mapped to
thereby superimposing a volume primitive mapped to the
interacting geometric primitive on the volume object
displayed.

11. The method of claim 9 wherein éhe'interaction of
the interacting geometric primitive is the removal of a
portion of the corresponding geometric primitive the
volume. objéct is.'mapped to, said portion determined
according to the size, shape and location of the
interacting geometric primitive = whereby the
corresponding portion of the volume object displayed is
removed. |



usi ng the mappi ng function determ ned, whereby-the vol ume object displayed
is nodified according to the geonetric operations performed on the
correspondi ng geonetric primtive. 14. fﬁg~ﬁﬁfﬁ0d‘ﬁ+—eLaLﬂll3 mherein
the geonetric primtive the volune object S

rectilinear cube, the boundary coordi nates d M Wiﬁ ” ﬁ’m‘el near cube«
being the geonetry coordinates of its vertices. t hod of clafm
14 wherein said mapping function is a zero order functlon the zero™
order function mapping the volume data20o0-t he geonetry coordlnates cl osest
to a plurality of ideal geonmetry coordi nates, said ideal geonetry

coordinates determ ned as a function of the proportion between the nunber
of vol ume etement Fhendrethod)i of afdainecPnwbereia the | inkexactionrefti| i near

cube in eaothélﬂﬁeéfaetszﬁgt Béométric %hﬁféﬂ‘ré”i& thé”@xtﬂ'ﬁ?:tion dpe met hod
of claim 14 wherein said function is a first ord unction, the

first orderPPEhteR®n ok H‘ﬁeé’ﬂ qm%tgﬂﬁm?F§19olﬂm%ﬂ‘@ t Bhelet er ni ne
the geonetvylumer dbjées tiie mappea desa Isa:map ttiem ldetermiheanet hod

ot “conpr 1eBeEaLR ' 260 T"HIR" 63ke: o\ ShABEC Aph nbOFRELBonBEr yend T ©

coor di nat esinteracting o geometric primitive, whereby the
corresponding portion of the volume object extracted is
displayed.
13. A method for rendering volume objects on a b

computer graphics display wherein _the volume object is
displayed in screen space, said method comprising - the
steps of.
' storing in memory volume data representative of
'at least a portion of the volume object, said volume
object being represented in a (u,v,w) volume space;
generating at least one geometric primitive
corresponding to the volume object which bounds the
_volume. object in three dimensions, said corresponding
geometric: primitive being represented as. a plurality of
geometry coordinates including a plurality of boundary
coordinates, said plurality of boundary coordinates \J
defining the. corresponding geometric primitive, said
corresponding geometric primitive being represented in
an {x,y,z} geometry space, said geometry space having a
reference frame, said- geometry coordinates being defined
as a function of the reference frame, said geometry
coordinates representing a plurality of corresponding
displaying pixels in the screen space of the computer
graphics display,
generating a mapping function which maps said
volume data to one of said. geometry coordinates of said
corresponding geometric primitive which bounds the
volume object using the. boundary coordinates;




ei ght cl osest vertices of the rectilinear cube which surrounds the vol une
Obj ect to be mapped; and-conputing the-geonmetry coordi nates where the

vol ume data are mapped to, as a function of the geonmetry coordinates of the
ei ght -cl osest vertices and their distance from the volunme data,

function being defined as: [err] [err] [err] [err] [e
nap[.’)'e'a geonetry coordi nates of the volune data (u,v,mu mﬂln(uﬂla" ﬁg
~and h are the [X,y,z] geonetry coordinates of the elg

vertices of the rectilinear cube which_syyrQunds the vol une object to
determined and FRACT is a function I ch determ nes the fractlonal

portion of the volune data (u,v,w) . 18. The met hod of claim 13 wherein
the geometri c perdiolinidie gebhetﬁﬁd bperaBeonsUl éh PltiHet icdrreponditg

Che correspondeeBeseare, PEARIELYE, the Vo ling of %‘sgﬁo{riééénfméqif‘;b‘ixéﬁs
vol ume obj ect the¥eby reﬁnﬂ.tmugnaah af mdda.lfrilem geometirict peigd¥iRie; and
operation  performed diisialavl%g "ehe! PLbidhbC aalh aé@oerdimj %5 " the
geometry coordinates of the modified geometric primitive
using the mapping function determined, whereby the
volume object displayed is modified according to the
geometric operations performed on the corresponding
geometric primitive. | |

14. The method of claim 13 wherein the geometric
primitive the volume object is mapped to is a
rectilinear cube, the boundary coordinates defining the
rectilinear cube being the geometry coordinates of its
vertices.

15. The method of claim 14 wherein said mapping
function is a zero order function, the 2zero order
function mapping the volume data to the geometry
coordinates closest to a plurality of ideal geometry
coordinétes,' said ideal 'geoinetry coordinates determined

U as a function of the proportion between the number of °
volume elements and the distance between the vertices of
the rectilinear cube in each dimension of the {x,Y,2}
reference frame.

16. The method of claim 14 wherein said mapping
function is a first order function, the first order
function trilinearly interpolating the volume data to
determine the geometry coordlnates the volume data is
mapped to. '

17. The method of claim 16 wherein the method for
trilinearly interpolating the geometric data comprises



correspondl ng geonetric primtive by a transformation matrix whi ch changes
t he di nensi ons of the corresponding geometric prinmtive thereby changing
the size of the displayed volume object. 20. The nmet hod of claim 13
wherein the geonetric operation perforned is™ the multiplication of :

the correspondi ng geonetric primtive by a trans whi ch =
transl ates the correspondi ng geonetric primtive m“mlﬂm“nmunmatl ng 1:.H"e
vol une object displayed. 21. = The nethod of alm 13 wherei h the
geonetric operation performed is the Trd%raction of an interacting
geonetric primtive wwth the corresponding geonetric primtive the vol une
object is &y £by a volune prinmtive mapped to said interacting

geonetric primtivé Is interacted with the vol une object displayed. 22.
The nmethod of claim2l1 wherein the interaction of the interacting georretric

primtive is to SUinéf!B}Q&ﬁ)iﬁ}f 'Eﬁéra{fééﬂi&ﬂyeor@ééi'&lﬁété%t 'é!f Oﬂh
to er eby

correspondi n eonetric primtive the vol.une “object 1's mapped
mposi FI9P B

superi nposi Y ofdRESSE nYeXbicaspRfd Fhet mestildngar n§uGEorer iR
primtive O%dﬂi%utfﬂy%é)bl&niméﬂ@@j@&@dto%’e maﬂiseafr&éxli@d of claim?21

wherein the interaction thelnteractln ggeorrerlc rlmtlvelst e
e

renoval of a porti off P “l G oS p §TOTE oRBPFALNAELR t FDETEhetRB)| une
obj ect is nopieche @latsanrk prapped tkef ensnmeﬁhmtcm:dlm the gédmwetry ze,

shape and JQaiffted’ of! "Ehe eight closest vertices and their
distance from the volume data, sald functlon being
defined as: : \J
= {[ (a*FRACT (u)+b* (1-FRACT (u)) ) *FRACT (V) +
(C*FRACT (u) +d* (1-FRACT (u) ) ) * (1-
FRACT (V) ) ] *FRACT (w) +[ (e*FRACT (u) +
£%(1-FRACT(u)) )*FRACT(v)+(g*FRACT (u)+
h* (1-FRACT (u) ) ) * (1-FRACT (V) ) ]} * (1-FRACT (%) ) }
where x = the mapped geometry coo_rdinates of the volume
data (u,v,w), a,b,_c,d,e,f',g and- h are the ({x,y,z}
geometry cbdrdir}ates of the. eigh_t closest vertices of

the rectilinear cube which surrounds the volume object
'to be determlned and FRACT is. -a .functlo-n' which
determlnes the fractional portlon of the volume data
(u,v,w).

18. The_ method of c],_eim ‘13 wherein the geometric
operation performed is the mtiitiplic_ation of the
corresponding geometric primitive by' a ti:ahsformation
matrix which rotates the corresponding geometric
primitive and therefore rotates the displayed volume
object;. .

19. The method of claim 13 wherein the geometric
operation performed is the multiplication of the



<

- 24 - interacting ' geonetric ., primtive wher eby t he
correspondi ng portion of -the vol une object displayed is renoved. 24. The
met hod of - claim 21 wherein the interaction of the i j _ '
primtive is the extraction of portions of the correspondi ng geonetri
primtive the volune object is mapped to, said portlmr‘ﬁﬂmum‘m“f
accdding to the size, shape and |location of *
geonetric primtive, wher eby t he correspondi ny dbrtlon of the
vol ume object extracted is displayed. 25.,4 _ An apparatus for rendering
vol une objects on a conputer graphics display, said apparatus conprising:
means for storing volune data representative of at |east a portion of a

vol une  obj ecicdrdBpBHdANG AgdonetyiB b Britifd "By R 3 rrAtion

(u,v,w) volune space; heans  for generagting at |&ast one geonetric
prinmtive to && Fhigh, ghandes Simensions;iof the cqrFvpeRddasiet ric
pri Im Ej ive bei lrg;omm?pedmatéaeplma}%w changdAgt (rleél?O%ﬁ.F:!enaéﬁfS tt1)1e g
including a plyraldt ndgry. goordi nates, said plurality of boundary
coor di nat es dé‘ﬁlrﬁynegé) v?ﬁgﬁje °§’(§¥?ce ‘pondi ng geonetric primtive, said
correspondi ng geonetric primtive being represented in an [X, Vy, Z]
geonetry coor digiate sgie Ha¥hd r s QN C fﬁﬁ;ﬁ'e‘ Saifda g :

coor di nat es bei ng defi ned gs a ?unéctt i_%?is%? tc'ﬁ"e re .erélfllcgt_??a , Sat.:l)é ©
geonetry coor @RARAIIORpr ReEROYREda 3Bur She y BrlBiRkicabion cefputhe
graphi cs di splcdfresponding geometric primitive by a transformation

matrix which translates the 'co_rresponding geometric

primitive thereby translating the volume object
displayed.
21. The method of claim 13 wherein the geometric

operation performed is the interaction of an interacting
geometric primitive with the corresponding geometric
primitive the volume object is mapped to whereby a
'volume prilhitive mapped to said interacting geometric
primitive is interacted with the volume object
displayed. '

22. The method of claim 21 wherein the interaction of

W, " the interacting geometric primitive is to superimpose
the.ihteracting-geometric pfimitive on the corresponding
geometric pfimitive the volume object is mapped to
thereby superimposing' a volume primitive mapped ‘to the
interacting - geoinetric pfimitive on the volume object
displayed-:. | | |

23. The method of claim 21 wherein the interaction of
the interacting geometric primitive is the removal of a
portion of the correspdnding' geometric primitive the.
volume ob'je‘ct' is mapped to, said portion determined
according to the size, shape and 1location of the



means for aligning the volune object to the. correspondi ng geonetric
primtive; * C L M S. * - 25 - .means for generating a mappi ng

function which maps said volunme data to said EEEEE;L%‘EQQLQLnaLes of - said
corresponding geonetric primtive using t ary coordinates; means
for performng geonetric operations on the corres -
primtive the volune object is napped to thereb iﬁ*ﬁ&m& nDdlfledEP'
geonetric primtive; and neans for displaying t ndatsa éccordlng to
the geometry coordinates of the modi<fid4 yeonmetric primtive using the

mappi ng function determ ned whereby the vol une object di spl ayed is nDdlfled
according t,o the geonetric operatjons perforned on the correspondi ng

geonetri c pRYA%AGALNDs = geomekric appEF&P&§1VGf cvhisgekys  wHehein sald

cor reSpondlmmriﬁﬁdixcg PoPEtLioN Cof Sther vollulien o) ectha plHad f@ans for
generating_a nmappi ng function generates a zero -order function, sai d
boundary c &6 es defining said rectilinear cube being the geonetry

coordinates of its vertices, said neans for generating a mappi ng function

conpri sing ZerQTﬁédEEt§83C5F0E1 pragdﬂ%§€%|ty " (ﬁ&ﬁé{§5go $Ine dat a

to the georfetTy coordinates closesf to a eal geonetry
coor di nat e&hses a;rwmlmmmqttmrmm&ve is the extraction of

portions of the corresponding geometric primitive the

volume ° object is mapped to, said portion determined
according__to the_ Size, shape and location of the
_interacting' geometric primitive, _whereby the o
corresponding portion of the volume object extracted is
displayed.

25; . An apparatus for rendering volume objects on a
computer graphics display, said apparatus comprising°
. means for storing volume data representative of

at least a portion of a volume object in memory, said
volume object being' represented in a (u vV,W) volume
space; - |

~means for generating at least one geometric
primitive to correspond to the volume ~object, said
corresponding geometric primitive being represented as a
plurality of geometry coordinates including a plurality
of boundary coordinates, said plurality of boundary
coordinates defining the corresponding geometric
primitive, said corresponding geometric primitive being
represented in an {x,y,z} geometry coordinate space:
having a reference frame, said geometry coordinates
being defined as a function of the reference frame, said
geometry coordinates representing a plurality of pixels
on a computer graphics display, _

means for aligning the volume object to the.
corresponding geometric primitive,. :




bei ng determ ned as a function'of the proportion between the nunber of
vol ume el enents and the distance between the vertices of the rectilinear

cube in each dinmension of the {x,y,z} reference fr 27. The
apparatus of claim 25 wherein said correspondi ng geonmetric primtive

Is a rectilinear cube and said neans for generat
f undT on - 26 - * C L M * gen ﬂﬂlHﬂl"elmﬂmmorder

function, said boundary coordi nates defi n| ng said Yecdtilinearsc

the geonetry coordinates of its verticespgg said neans for generating a
mappi ng function conprising a first order function mappi ng nmeans for
trilinearly interpolating the volune data to determ ne the geonetry

coor di nat ﬁs ]'Ehe vol ummeddisa 'fsrﬁﬁjwlei-aﬂ:?ngZ& Faﬂﬁﬁnlqppmx@éﬂioﬂf wﬁ|i&hmh27
wherein the e or.Lrilinear Lnte ting._the
vol une dat a c%)“%%% S &n¥§ﬂ§mp ag:‘é erfi ARAG (9RE t $9° Eég €?\§t E of
the eight closedd vecorrespohdihg r gyeionieétrday cpbémikive susingds thiee
vol une ObJeCthBnasr?BEEE%ﬂFhe Vg¥eans for conmputing the geonetry

coordi nate where me data is mapped to, as a function
of the geonetry code@nsatfer Rerformingeggemetrdse operatdionss omntheheir

di stance fromcbieetplondinéptgeotetrid UBELh2Live! RhelafdNABEk 28b 5oL  lis err]
mapped to thereby resulting in a modified geometric
primitive; and

means for displaying the volume data according
to the geometry coordinates of the modified geometric
primitive using the mapping function determined whereby
the volume object displayed is modified according to the
geometric operations performed on the corresponding
geometric primitive.

26. ~ The apparatus of claim 25 wherein said
corresponding geometric primitive is a rectilinear cube
and said means for generating a mapping function
generates a zero order function, said boundary
coordinates defining said rectilinear cube being the
_ geometry coordinates of its vertices, said means for
\_ generating a mapping function comprising a zero order
function mapping means for mapping the volume data to
the geometry coordinates closest to a plurality of ideal
geometry coordinates, said ideal geometry coordinates
being determined as a function of the proportion between
the number of volume elements ah‘d the distance between
the vertices of the rectilinear cube in each dimension
of the {x,y,z} reference frame.

27. The apparatus of claim 25 vwherein said
corresponding geometric primitive is a rectilinear cube
and said _means for generating a mapping function



[err] [err] [err] where x = the mapped geonetry- coordi nates of the vol une
data (u,v,w), a,b,c,d,e,f,g and h .are the [Xx,y;z] geonetry

coordi nates of the eight closest vertices of the rectilinear cube which
surrounds the volume object to be determ ned—and—FRACT i s a function
whi ch determ nes the fractional portion of the volune data (u,v,

gt o <L 2 et s oo g - e

volume primtives conprising a p0| nt a vect or, & pdl ygon and a ray.
30. The apparatus of claim 25 wherein sai d means f or perform ng geonetric
Operat'onﬁ%&REPétégs pangifet mﬁﬁdéﬁy“ﬁﬂnEEQoﬁorr di pg,GRAN r'C
primtive transformation -matrix whi ch rofatés ecorrespon

geometric %?QWH‘%Eeﬁnod%ﬁ@F’eﬂ%r Saig; arestihéngpspl ayke \Rsinee ijeect

The appar agesm@frg! atdbrdindt@dLi BrSai s m&sclfdas JPEER9aM fkhngeGERIri C
oper ations Lses -neans, for nmulti t.he correggondl ng geonetric

T L1 vo SYASETRFARG! & MANRIIG oFVPGELAR C HOPBEAGIDS o BLRBR PERS! t he

correspondf@@cgﬁoﬂemapplnglmeansefbhetebylﬁaaﬁgyngntbepalatlﬁb the

]9 l)fpl ayed VO ﬁjxrﬁree %t%Ctto?’%etermg%eapa? ! atgg%m%ftr"yl aéé‘i‘a@ 11\{\:'111&256 ! rthsal d means

volume data is mapped to.

28. The apparatus of claim 27 wherein the first order
function means for tr111nearly 1nterpolat1ng the volume -
data comprlses.
means for determlnlng the geometry coordinates
of the elght closest vertlces of the rectilinear cube
which surrounds the volume object to be mapped; and
means for computing the geometry coordinate
where each of the volume data is mapped to, as a
function of the geometry ‘coordinates of the eight
closest vertlces and- thelr dlstance from the volume
data, said functlon belng deflned as.
{((a*FRACT(u)+b*(1 FRACT(u)))*FRACT(v)+
(c*FRACT(u)+d*(1-FRACT(u)))*(1— N
FRACT(V))]*FRACT(w)+[(e*FRACT(u)+ -
f* (1-FRACT (u) ) )*FRACT(V)+(g*FRACT(u)+
| h*(l—FRACT(u)))*(l-FRACT(v))]*(l FRACT(w))}
where'x_= the mapped geometry coordlnates of the volume
data (u v w),_ a,b,c,d,e,f,qg and -h are the ({x,v,2}
geometry coordlnates of the elght closest vertices of
the rectlllnear cube which surrounds the volume ob]ect
to Dbe determlned and FRACT is. a function which
determines the fractional portion of the volume data
(u,v,w).

29. The apparatus. of claim 25 "wherein said volume

object is one of a plurality of volume primitives, said



s

perform ng geonetric-operations conprises neans for nultiplying the
correspondi ng geonetric primtive by a-transfornmation matrix which
transl ates the correspondi ng geonetric primtive thereby translating
the volune object displayed. 33. The appar at us of‘cjwmi d
means- for perform ng geonetric operations conprises nmeans for inte ng
an P¥feracting geonetric primtive with the corresponﬁ' '
primtive the volune object is napped to whereby a vo mﬂmﬁﬂnﬂﬂtﬁuufpped
to said interacting geonetric primtive-igyinteracted Wth tthenv f

o]

obj ect di spl ayed. 34. The apparatus of claim 33 wherein said neans

* C L M S * interacting an interacting geonetric primtive is to
superinpose t ivoliumeer gutimig igesetaonpyiisind | & points ca reasgwivk ,Nga
geonetric pri gl q{gj, object is mapped to thereby superinposing
a volunme pr:Er‘r)itltyiée.’é'I %p%gd ‘the.interacting geonetric prinmtive on the
vol ume obj ect displayed. 35. The apparatus of. claim 33 wherein said
means for i nt iAot | Ngnan apBe2aliil Mk GSAIRA 136 PHEFbLAYEaEATHAEES JRANS 1O
remove a portion of the correspondi ng geonetric primtive the volune object

i s mapped to PREREPTRNG orIRRRALTH e PRAIAHANG 1QPMBTISAS, o MeAnDe Lfox
location of thmltiplyiRfttng. cogeespbhiing Jddidtrie prhsieb¥e byOa

corresponding Y ARle i ¥tHTR LG ToReA e 'Y eSponding

r

geometric primitiﬁe;and.therefore rotates the displayed
f volume object.
-/
31. The apparatus of claim 25 wherein said means for
performing geo_metrid operations comprises means for
multiplying the corresponding geometric primitive by a
transformation matrix which changes the dimension of the
corresponding geometric primitive thereby changing the
size of the displayed volume object.

32. The apparatus_- of claim 25 wherein said means for
performing geometric operations comprises means for
multiplying the corresponding geometric primitive by a
transformation matrix which translates the corresponding

/ geometric primitive thereby translating the volume
object displayed. ' '

33. The apparatus of claim 25 wherein said means for
pérforming geometric operétions comprises means for
interacting an interacting geoinetric; primitive with the
corresponding’ 'geometric primitive the volume object is
mapped to whereby a volume primitive mappéd to said
interacting geometric primitive is interacted with the
volume object displayed.

34. The apparatus of claim 33 wherein said means for



36. . The apparatus of claim 33 wherein said means for interacting an

I nteracting geonetric primtive conprises neans to extract portions of the
correspondi ng geonetric primtive the volume object is mapped to, said
portion determ ned according to the size, shape-and |ocation of the )
Interacting geonetric primtive, wher eby the corresponding—porti on -of
the volune object extracted is displayed. 37.. f or rendeﬁgﬁg
vol une objects on a conputer graphi c_s_wg'éspl ay,’ m Hi@, U! npri sing:
means for storing in nenory volu data rep at | east a
portion of a volune object, said volunme object répresented |n a (u,v,w

vol ume space PABELnd OlarfCIREALaRE 1l | §AShePPEC ISHBRLfyve" i LLYe L0

correspond to the vo ect Jec
three di rre?}&%!smm%a. &he tera:s:tmg geometric primitiye on the

cor r espondi drEeSphdi iy p@e&nhtﬂcb@mniﬁvéseﬁée%am o @ttt Ys0f _
geonetry cqordin te |nclud|€§ ggurallt boundfu% coordinates, said
nat 1)

plurality TP % there erlﬂ@?gﬁPﬂg t¥We r PEiPdkdVRg

geonetri c puapped v¢,o s'ehd cdntergetrihigggeenetiricc prinitive i Eﬁhe
represent ed,d {},A0 ] space, said geonetry space having a
ref erence d?#ane éﬁ%¥%E %ggges%é%dlng geonetric primtive being defined as
a function of the reference frane, sai d geometry. coordlnates representing

35. The apparatus,of_claim-33'ﬁherein said means for
interacting an interacting geometric primitive comprises

means to remove a portion of the corresponding geometric '\.)

primitive the volume object 1s mapped to, said portion:
determined according to the.51ze, shape ‘and location of
the 1nteracting geometric primltive ) whereby - to
corresponding portion of the volume object displayed is
removed.. ‘

36.. The apparatus of claim 33 wherein said means for
interacting an interacting geometric primitive comprises
means to extract portions of the corresponding geometric
primitive the volume object is mapped to, said portion
determined according to the size, shape and location of
the interacting geometric _primitive, whereby  the

corresponding portion of the volume.object extracted is e
displayed.
- 37. An apparatus for renderinq volume objects on a

computer graphics display, said apparatus comprising:
means for storing in: memory volume data
representative of at least a portion of a volume object
said volume object represented 1n a (u,v,w) volume
space; . f_ _ ]
means for generating- at - ieast one geometric
primitive to correspond to. the volume. object which
bounds the volume object in three dimens1ons, said

a



a plurality of correspondi ng di'splaying pixels in the screen space of the
cdonput er graphics display; neans for generating a mappi ng function which
maps sai d' volunme data to said geonetry coordi nates of said correspondi ng
geonetric primtive which bounds the vol une object using the boundary

coor dinates; neans for performng geonetric operations on the corresponding

geok®ric prlmtlvethe vol une object is mapped to t m m” in a
nodi fied geonetric primtive; and neans. for displ ayn m"“m ”m

according to the geonetry coordinates of gde- modified*geonetrifc primtive
usi ng the mapping function determ ned whereby the vol unme object displayed

i's modified according to the geometric operations performed on the .
corr espondi ng apsuraspord ing rgeometr 38 primiftioven yesiray tepresdrtied 35 Wherein

oet Pl near Cti’édfg#eﬁﬁoun'&é“* St¥aeaBPaltheek, infTiRTNe R miasity e

bei ng the georaf matc@@r@rmlaﬂ:ss\;ersaeds Pk@ralltYheOﬁprtmm‘ldm'}of
claim38 V\hereidbxﬁﬁﬁhﬁ@s'éms ddfining - 3¥he - corrds dnd:MqS &ﬁﬂ&rﬁd ng a
mappi ng functiQ ner at es a zero or der function, and corpr.i ses zero

A
order functi OI? Y neSRld FOFrREBRNAing: gEOPSLLAE P&'&F&tit"& QQié‘g
geonetry coor dieptesentasein an (dpR} zycgevherryoepdce;t eaidydbnetry

space having a reference frame, said corresponding
geometric primitive being defined as a function of the
reference frame, said geometry coordinates representing
a plurality of corresponding displaying pixels in the
screen space of the computer graphics display;
means for generating a mapping function which
maips said volume data to said geometry coordinates of
said corresponding geometric primitive which bounds the
volume object using the boundary coordinates;
means for performing geometric operations on the
corresponding  geometric brimitive the volume object is
mapped to thereby resulting in a modified geometric
primitive; and
means. for displaying the volume data according
to the geometry coordinates of the modified geometric
U primitive using the mapping function determined whereby
the volume object displayed is modified according to the
geometric 'operations performed on the corresponding
geometric pr-:i;mitive.'

38. The apparatus of claim 37 wherein the geométric
primitive the volume object is mapped to is a
rectilinear cube, the boundary coordinates defining the
rectilinear cube being the geom'etry coordinates of its
vertices. |

39, ' The apparatus of claim 38 wherein said means for
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| deal geonetry coordinates being determned as a function of the
proportion between the nunber of volune elenents and the di stance between
the vertices of the rectilinear cube in each dinmension of the -{xy, z]
reference frame. 40. The apparatus of claim38 wherein said neans for -

/"\

generating a mapping function generates a flrst order function, and 2%
conprises a first order function neans for tr| ting thaﬂﬂ
vol ume data to determ ne the geonetry. cprdi na ummmn“m ﬂlm{aa S rrapped
to. 41. The apparatus of claim40 wherein the*fifsttortlers function neans’
for trilinearly interpolating the vol une data conprises: means for

det erlm ni ngg@mx@nﬁhr; Qmspl%jm;at ﬁﬁn@ﬁ‘.lb'ﬁe @eﬁéfaeéesest zegbt h&hﬁﬁelﬂf th?
rectilinear i.ch,syrrounds the vol une : o » ped: means or
conput i ng tﬁgl%tg&gt \rgg}ry 2or c'iml%'t%lgs?sv\h%r gergac % %Ilﬁ’r?g RIS mapped
to, as a fweamnison foaf malpe ingeo trber yvotumedldates tof thée gemmr)cl osest

vertices an@ oi i ag!re% err%éf”téh 85“6%9&1@&% %oﬂ:é%éé)” e/ g

defi ned as: err] err] mapped geonetry
coordlnateshﬂeq e GNP Yy cog;dlnates being determined as a

function of the proportlon between the number of volume

elements and the dlstance between the vertices of the
rectilinear cube in eaoh: dimension of the ({x,y,z}
reference frame. ' ' o '

'40.  The apparatus of claim 38 whereln sa1d means for
generatlng a mapplng functlon generates a first order
function, and comprises a flrst order functlon means for
trlllnearly 1nterpolat1ng the volume data to determine

the geometry coordlnates the volume data is mapped to.

41. The apparatus'of'claim 4b'wherein the first order
function means for trlllnearly 1nterpolat1ng the volume
data comprlses. '

means for determining the geometry coordinates
of the’ elght closest vertices of the rectlllnear cube
'whlch surrounds the volume object to be mapped

means for computlng the geometry coordlnates N

where each of the volume data is mapped to, as a
function of the geometry coordlnates' of the eight
closest vertices and their diStance from the volume
data, said function being defined as:
= {{ (a*FRACT(u) +b* (1—FRACT(u) )) *FRACT(V) +
(c*FRACT(u)+d*(1 -FRACT (u) ) ) *(1- _
FRACT(V))]*FRACT(w)+[(e*FRACT(u)+
f*(l—FRACT(u))) *FRACT(V)+(g*FRACT(u)+
h* (1-FRACT(u)) ) *(1-FRACT(V)) ]* (1-FRACT (W) )}
where Xx =_the mapped geometry coordinates of the volume

[



v

data (u,v,w), a,b,c,d e f,g and h are the [x,y,z] geonetry
cdoordi nates of the eight-closest vertices of the rectilinear cube which
surrounds- the vol unme object to be determ ned and FRACT is a function which
determines the fractional portion of the volunme data (u,v,w. 42 j
apparatus of claim 37 wherein said means for perfornynﬂ _ |
operat‘i ons conprises neans for nultiplying the corre mmli ﬂmui"’:
primtive by a transformation matrix which rotates the cerres _
geonetric primtive and therefore rotatesshhe displayed vol unme object. 43.
The apparatus of claim37 wherein said means for performng geonetric
operations conprises means for multiplying the corresponding geonetric
prinitivedby ad&tansﬁganhbqnlgghg?ﬁdwelngﬁhgﬁgeshzﬂgrg!ngﬁ%;o?§é9tzshe
correspondin egnetric pri i ve therehy Chapgi ng e Siz ]

displased vo?uﬁ%ogﬁﬁﬁﬁ. 99g31n5¥ﬁ§a3 aééFhseb ti &leesrtuieeticemi 8fneans
for perforningtgeomanﬁiiinxanuéumi whﬁphisu:rmnm@sftHe{ﬁ@lmﬁﬁybEge&he
correspondin o] i C g § t or gt i on [1X, Which, ,

transl gt es t%eggo?f%eés po%%%lg&%%%‘?re#ﬁ@ pﬁaﬁi vé® het eb “??’gﬁgﬁ‘ at Vh_éck‘he
vol ume obj ect @eSprajises sehe fractippadatpertion| aifm SHewharlrinme sdatdaneans
for perforning(ggoga§gic operations conprises means for interacting an
interacting geonetric primtive with the corresponding geometric prinitive
t he vol une object is napped to whereby the interacting geonmetric primtive
S 42. The apparatus of claim 37 wherein said means for

performing geometric operations comprises means for
multiplying the corresponding geometric primitive by a
transformation matrix which rotates the corresponding
geométric-primitive-and therefore rotates the displayed
volume objecﬁ;

\—

43. The apparatus of claim 37 wherein said means for
performing geometric operations comprises means for
multiplying the corresponding geometric primitive by a

 transformation matrix which changes the dimensions of
the corresponding geometric primitive thereby changing
the size of'the displayed volume object.

\_/ 44, The apparatus of claim 37 wherein said means for
performing geometric operations comprises means for
multiplying the corresponding geoﬁetric primitive by a-
transformatioh matrix which translates the corresponding
geometric primitive thereby translating the volume
object displayed. '

45, The apparatus of claim 37 wherein said means for
performing geometfic operations comprises means for
interacting an interacting geometric primitive with the
corresponding geometric primitive the volume object is
mapped to whereby the interacting geometric primitive is
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di spl ayed. 46. The apparatus of claim45 wherein said neans for
interacting an interacting geonetric primtive conprises neans to
superinpose the interacting geonetric primtive on the corresponding
geonetric primtive the volume object is nmapped to thereby superlnpos’ﬁg
a volune primtive mapped to the interacting gﬂ"mmm ve on the

vol une obj ect displayed. 47. The appatat us Iﬁunmmﬂneln sai d
means for interacting an interacting gé&netrlc prfnmitive donprises neans to
renove a portion of the correspondi ng geonetric pr|n1t|ve t he vol une obj ect

I s mapped t?nﬁé@h@t@?r Q?-@ﬁhegghgﬁt %&3%EQ. F% S|ze shape and

| ocati on of erac geometric= prifi ereby the
correspondi ng portion of the volunme object dlsplayed i's renmoved. 48. The
apparat us ofg¢l ai r&'hé5a§96§£§tﬁs56‘fd JRds J@rwﬁ&ﬁﬁcééﬂﬂ ﬁaahgt eacting
geonetric pr|n1t|ve conpri ses -neans to extract. portiqns of

cor r espondi #8 SEBEEP-PHC aﬁ‘r Fﬁtﬁi"@é’tﬂl‘?@ germRErds: i’r@lﬁ;&ﬂﬁe@qn@nﬁsd

portion detmeahsetocasupetinpose the ihtera&hahg Yedmetedld gﬁughxhh%

I nteracting_._ge tric. r|n1 wher e the c rresp ortion of
t he vol une SBJe CoxPPiE %B°?élﬂ?sﬁ$%®¥ﬁFr 4i¥m§er|ng

vol ume obj eobjectn ascomppped. gtapkth&eh;splsnpemnl‘;ﬁsarﬁg ala yvaﬂume
here'”beforﬁrgﬁitibge%aﬁ§Ed to/¥hea?R@£§£H§1£8rgegﬂgtriggp§¥ﬂ{@§(ﬁ”eCts

on the volume object dlsplayed. :

47. The apparatus of claim 45 wherein said means for
interacting an.interacting geometric primitive comprises
means to remove'a'portion”of the corresponding geometric
primitive the volume object is mapped”to;'said portion
determined according to the size, shape and location of
the interacting geometric 'primitive' vhereby the
corresponding portlon of the volume object dlsplayed is
removed.. “

48, ‘The. apparatus of claim 45 whereln sald means for
1nteract1ng an interacting geometrlc prlmltive comprises
means to extract portlons of the: correspondlng geometric
primitive the volume data is mapped to, said portion
determined accordlng to the size, shape and location of
the. interacting geometrlc primitive, | whereby the
correspondlng portion of the volume object extracted is

dlsplayed.

49. A method for rendering volume. objects on a
computer graphlcs dlsplay, substantlally as herelnbefore
descrlbed. '

50. An apparatus for:rendering volume objects on a



i-éS - ; * G L M S * conputer graphics display,
Substantially as hereinbefore described with reference to the acconpanyi ng

drawi ngs. -

_ Ny T
computer grapﬁics display, substantially as hereinbefore
described with reference to the accompanying drawings.

\—/



