PCT/ USOL/ 48239 | N RESPONSE TO FEATURES IN A DI G TAL | MAGE CROSS- REFEREN
TO RELATWD (3RP830CATI ONS Not appl i cabl e. BACKGROUND Fi el d RET/USH/4823%ent i on
This invention r elates to the analysis of digital inages, specifically to
t he construction of conputational neshes from such i mages, Description of
the prior art Digital inages are often analyzed to obtain neshes for
further conputation. For seismc images are analyzed to obtain
geol ogi ¢ meshes used to siny ate oil flowing in subsurface reservoirs.
Simlarly, nedical i uman brain are analyzed to ' obtain
meshes used to si rrul Blmmg:mﬂ"ﬁﬂm@ in arteries. A sonewhat different
exanple is inage norp h neshes derived from one i mage may be
used to encode efficiently differences in subsequent images. In all of

t hese applications, an image is analyzed to construct a nesh. WO 02/ 47030
2 v |lmages and neshing toda 8239 Specifically, such
applications often consist OHI”WII/M% ng sequence of steps: (1) Process
an image to enhance features of (2) Find curves or surfaces in

the i mage that bound regi ons of TRPr est . (3) Fill the space defined by
those regions with a conputational nesh.

- e3eL6l | 6v6T6! WO 02/ 47030 METHOD FOR ALI GNI NG A LATTI CE OF POl NTS cr@

METHOD FOR ALIGNING A LATTICE OF POINTS
IN RESPONSE TO FEATURES IN A DIGITAL IMAGE

CROSS-REFERENCE TO RELATED APPLICATIONS

Not applicable.

BACKGROUND

Field of the invention

This invention relates to the analysis of digital images, specifically to the construction of

computational meshes from such images.

Description of the prior art

Digital images are often analyzed to obtain meshes for further computation. For example,
seismic images are analyzed to obtain geologic meshes used to simulate oil flowing in
subsurface reservoirs. Similarly, medical images of the human brain are analyzed to
obtain meshes used to simulate blood flow in arteries. A somewhat different example
is image morphing, in which meshes derived from one image may be used to éncode
efficiently differences in éubsequent images. In all of these applications, an image is

analyzed to construct a mesh.



(4) Sinmulate some process on the space-filling nesh. For an application in
nmedi cal i nmagi ng, see, Cebral, J.R, and Lohner, R, From Medical Inages to
CFD Meshw® 02R7a89eedi ngs of the 8th International Meshing RSUHS14BLY, p.
321-331, Sandia, 1999. For an application in seismc inmaging, see, Garrett,
S., Giesbach, S., Johnson, D., Jones, D., Lo, M, Or, W, and Sword, C.,
Earth Model Synthesis, First Break, v. 15, no. 1, p. 13-20, 1997. For
various reasons, each step in thisgsequence is today often taken
i ndependently, with little regard for the requirenents of subsequent steps.
For exanple, it is common in step (2) to produce a bounding curve or
sur f aleaged &dd ARsHEngleéddalyl than can be represented in the space-filling nesh
- used in step (4). Seismc reflections representing geologic interfaces are

rout i gl ARPREA Mplifuting BREL ESRAL BE {HRTolRAR: SRAleRkAt kipa! | Y be used in

meshes for petrol eumreservoir sinulation. is leads to the "scal e up" or
v "upsca bgﬁ" probl em cjted by Gﬁrretg_et al. (1997). This discrepancy in

r esol utl rfoFess a7 dBagse 5 feafurss oL idie'&¥r epancy in data struc ture. For

exanpl e, a two-dinensional (2-D) curve represented by a sinple |inked |ist

of |in@) Hadreaives onsisfaes i The imypelibaiobmnd regibad ofviateyestonpl ex nesh of

triangles in step (3). Such discrepancies today disrupt the analysis

sequenge,q: i i S| S i iJmage processed in step
(D e i e B MU 1y BB bR RS BBl e D00 BT Ty “The
disruptions are costly. In the exanple of seismc inmage analysis, one
i t er at (@dPimplathismepigoesser the srepe-filipg meaghi re nont hs of work. This high cost
makes it difficult to performmultiple iterations in an attenpt to estimte

uncerfopiaftappEcdtdndn ahdddab irh G5, ts6e, Cebd) DR/, -ahd A3Bner, RETHIR Medi239 One
reason for discrepancies in resolution and data structure lies in the
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reas eﬂbﬁf PsBP-ehdh 'é@?i 9% | ack of methodol ogy. The sinulation step (4)
of ten regUkLFiess fel@ns CaEH diéfin tARkukRR i@lfoda?la&é@iak&l fnbies2akitd), waguat i ons
(PDEs). In the past, these solutions were teasible for only structured
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WO U2/ 7030 4 PCT/USO1 /8239 tion that the triangulation of a set of points
defined by a sinple crystal lattice yields a highly regular nmesh. (See

Mel | o, UWD 0248089 Caval canti, P.R, A Point Creation StratRgHUBUIH8MESh
Generation Using Crystal Lattices as Tenpl ates, Proceedings of the 9th

I nter national Meshing Roundtable, p. 253-261, Sandia, 2000.) However, a
uniformlattice of points can seldom be aligned exactly with the boundari es
of objects to be neshed. Thereforeg sone solutions begin with an
approximately uniformlattice, and then use nunerical nodels of physi cal
forces between atons or bubbles to automatically nove nmesh nodes (atons or
bubbl esPDnt @edsoni €orodifdrepdncied Giatdsolusion (he dathsthidase liks,in Rhy shpladnbyBased Mesh

- Ceneration; Autorpated Triangul ation of Surfaces and Vol unes via Bubble
Packi t#ion ok therpnalysissiequenges Higkoripaly, t8e fovs sspepg istedrabrug mss|beys beeroo3, and

Shi ”Bﬁje?f Qébqr Vesd; [ .ar Meshi ng
of Non- I\%fﬁ? B¥d Geaggng‘?]r%g‘bef/gg)gﬁ%?%ug%%eng, Pﬁﬂé%g ’eegﬂlﬁé—(gbgg ﬂi‘;{éhe Third

Sy np ot spectadisiSo Modayl/ackisgle) geraod or’pdl] gratp orsy, pepformd G- f4dOstef0i@ZhisU. S. pat ent
6, 124,857, to,l.toh, T.,.lnoue ., ., Ya a, A .. .and, Shinmada, K., Meshing

Met hodaq‘é%ae’ﬂaﬂéﬁl%&stwﬁe@f BirctorRitp et Rt§ETRtESr i | at eral meshing. See
al so Bogsgther Feadon foRMscHSakE6S {5 0 BelSof mitddbRBY. Vht BRchifitn Al 69t ropi c Mesh

Generation, Proceedings of the 5th International Meshing Roundtable, p.

G3- 7&ftesaeaiiings theonsnericplsoktionef partiak diffesentipll equationg( PDEs)- Hadbaipasbshi ng

begi wth.a ge I del t.h def | recisel y,t internal and

ext e&?}g esggl&lﬁag‘rvlgre%?%adsflﬁ%gﬁg et ysgttr 'g&%réﬁr%egﬁ%d& %ﬁﬁ%%ﬁgggeg%i cgfls% ®a need for
a nmeshdeagd sy single andyrelieodalagyn ohpabherueiurad dicsh $rodhced obitep@)wher e such
boundaries may not_ be known a-priori. U /S. patents cited in this
specitPidHychured mash yieds aqdétlwgm&?mt?mes Jbetipgn the groceesed mmags afng Devi ce
for i L W Iy ;

I nt esg%ﬁé%)%{sl%ea%ggﬂ 1%61%18%@?&1{ #géﬁoﬁﬂg{egg{ Eﬁlﬁﬁg%gﬂgw%alg—gsl %él)lﬁ%l o, E., and
M yakZivBs ounstGmiryed inmghdsbtuggmit dhed thjs pemetsion 4ol resulbing yndBosisteiesbl em  1997.
6, 124, 83%7‘?, tq |toh, T., Inoue, K, Yamada, A, and Shinmada, K., Meshing
Met hdd™ d“’%lgf) ratus) 2000. WD 02L17030 5 Cther references cited in this
speci fication PCT/USOL /.18239 Bentley, J. L., and Friedman, J. H, Data
Structures f nge Searching, Conputing Surveys, vol. 11, no. 4, 1979.
Ber n,CMEIﬁh,Ingav"nlg}5 Il:‘%%g‘%ei n, D., Mesh CGeneration and Optimal Triangulation, in
Corrptri%i ng in Euclidean Geonetry, Du, D.-Z _and Hwmang., F. K, eds., Wrld

Sci enthe §guragy of mog,eamuptations perforged gr Rrsehes, depensls ombhs) feguerityeathod f or

Ani s j e ' j r ' | Meshi ng
Roung;tl{as %&H%ESESS 74?{0%%31%]?%}1? e?gglgﬁggggédgg ;Ii?r &Eﬁgéklpogl&%e?’ {h?&é Qgﬁd Schnabel ,
R B.neafkepqukéarelairiangles,offe @ossacciiabt thanNhogei peeformettion redgnlaseshes Li mi t ed
l\/lsm)rv%/i l\/ﬁot hggs, .Teclhni cal Report NAM 03, Northwestern University,
DeparCHEREE SPPETISRIPS cal Engi neering and Conputer Science, 1996. Cebral ,

J. R, amhis iobieleasoR. that (i DbRGh@ad-iah RGeS & Pobider. MEERE 9. sePbs@dI ngs of the

8th International Meshing Roundtabl e, E 321-331, Sandia, 1999.
representing the locations of nodes for a 2-D mesh, the Delaunay triangulation of those

points, when compared with all other possible triangulations, yields triangles most nearly
equilateral. However, Delaunay triangulation alone does not guarantee a regular mesh.
For that, one must choose carefully the locations of the mesh nodes.

(For a survey of 2-D and 3-D Delaunay triangulation applied to the problem of mesh-
ing, see Bern, M., and Eppstein, D., Mesh Generation and Optimal Triangulation, in
Computing in Euclidean Geometry, Du, D.-Z. and Hwang., F.K. eds., World Scientific,
1995.)

Outside the domain of image analysis, the problem of choosing optimal mesh node

locations has been well studied. One solution to this problem is based on the observa-



Garrett, S., Giesbach, S., Johnson, D., Jones, D., Lo, M, Or, W, and
Sword, C., Earth Model Synthesis, First Break, v. 15, no. 1, p. 13-20,
1997. MeW24203p. , and Caval canti, P. R, A Point Creati®¢l/BS¢1a8adyy f or
Mesh Ceneration Using Crystal Lattices as Tenplates, Proceedings of the 9th
I nternational Meshing Roundtable, p. 253-261, Sandia, 2000. Shinmada, K.,
Physi cal |l y Based Mesh Generation: Automated Triangul ati on of Surfaces and
Vol unes vi a Bubbl e Packi ng, Ph.D. yhesis, Massachusetts Institute of

Technol ogy, 1993. Shinmada, I C, and Gossard, D.C., Bubble Mesh: Autonmated
Triangul ar Meshing of Non Manifold CGeonetry by Sphere Packing: Proceedi ngs
of t hgonl tiiatcthsymn@xﬂa;tmnoof aSet bfipdibidelelingl bynd stpplk icoyatdl dmme MNeMsRr ess, p.
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sociated with the image with or without The generation of an internediate
mesh.omgiyy by Sphete d?mkmgpestteedsg@of titecBhirdh SympasiiiorerafdidcMndeingl at ed.

Qoj ecls vanta i) 0 egb di rre of this
i nvenafn pﬁwa O?Fétphggﬁtﬁgt 1R Eﬁ%‘sp%ﬁne % ﬁagézl ; feEE]P’h 1 2anddysi s
sequeansda, desaiid BRthAROKe, NedhidgBlettRYUACAAPA pHtaik, 2000, Prtbads ﬂhi.st \)IOLW th the
nore efficient sequence: (1) _Process an_ i mag to _enhance features of
i nt ert@guadrilateral meshing. See also Bossen, F.J., and Heckbert, P.S., A Pliant Method for

Anisotropic Mesh Generation, Proceedings of the 5th International Meshing Roundtable,

p. 63-74, Sandia, 1996.)

In all of these examples, lattice-based meshing begins with a geometric model that
defines precisely the internal and external boundaries of objects to be meshed. Thus,

there exists a need for a meshing system and methodology capable of addressing problems

where such boundaries may not be known a-priori.

U.S. patents cited in this specification

4,908,781, to Levinthal, C., and Fine, R., Computing Device for Calculating Energy and

Pairwise Central Forces of Particle Interactions, 1990.

5,596,511, to Toyoda, S., Ikeda, H, Hashimoto, E., and Miyakawa, N., Computing Method
and Apparatus for a Many-Body Problem, 1997.

6,124,857, to Itoh, T., Inoue, K., Yamada, A., and Shimada, K., Meshing Method and
Apparatus, 2000.



(2) Fill space with a conputational nmesh aligned with imge features. (3)

Si mul ate sonme process on the space-filling nesh. Instead of finding
boundar i w®© @2f4703gi ons wit hi n i mages and t hen neshi ng t hosRCFEHINEZ3? one
sinply constructs a nmesh that is aligned with the boundaries. Additional

obj ects of sone enbodi ments of this invention are the use of this nmethod to
construct: WO 02/ 7030 7 PCT/USOL/-48239 highly regular neshes, suitable
for further conputations, such as ghe solution of partial differential
equations; and graded neshes, in which the density of mesh nodes varies
with image conplexity or a user-specified function; and 3-D neshes, where

3- D | otlgasraferenzédicitelll ia. thih epecification her obj ect s and advant ages of vari ous
- enbodi nents of the invention will becone apparent from consideration of the
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t hat ihduchdem Gédnadtgy) Das, ©d-Z. En@mmng., FK f albe Wartd Sﬁeﬂxﬁcum%. 3-D lattice of
atons. Figure 6: a seismc inage that has been processed to enhance faults)
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cor r Byandi Hg Nogedal,phcardoichrapsh & B-rRepresentalipns fQuegrN ?"ﬁ@né\@rg“é‘ﬁ‘isc i mage.
WO Ozlnﬁl’fﬂ)e’%loUge R e Me{n%%;gﬁllethods, Technical Report NAM-03, Northwestern

University, Department of Electrical Engineering and Computer Science, 1996.

Cebral, J.R., and Lohner, R., From Medical Images to CFD Meshes, Proceedings of the
8th International Meshing Roundtable, p. 321-331, Sandia, 1999.

Garrett, S., Griesbach, S., Johnson, D., Jones, D., Lo, M., Orr, W., and Sword, C., Earth
Model Synthesis, First Break, v. 15, no. 1, p. 13-20, 1997.

Mello, U.T., and Cavalcanti, P.R., A Point Creation Strategy for Mesh Generation Using
Crystal Lattices as Templates, Proceedings of the 9th International Meshing Roundtable,
p. 253-261, Sandia, 2000.

Shimada, K., Physically-Based Mesh Generation: Automated Triangulation of Surfaces
and Volumes via Bubble Packing, Ph.D. thesis, Massachusetts Institute of Technology,
1993.

Shimada, K., and Gossard, D.C., Bubble Mesh: Automated Triangular Meshing of Non-
Manifold Geometry by Sphere Packing: Proceedings of the Third Symposium on Solid
Modeling and Applications, ACM Press, p. 409419, 1995.



Figure 10: a nmesh corresponding to a pseudo-randominitial lattice for the
seismc image. Figure 11: a nmesh corresponding to the optim zed lattice for
t he sei smixod4meye. Figure 12: edges in the nesh that are pORUS@/4i8gIved with
features in the seismc inmage. Figure 13: a Voronoi nesh corresponding to
an optimzed lattice in which atons are are repelled by features in the
seismc image. Figure 14: a nmagnetic resonance image (MRI) of a human
head. Figure 15: an inmage of a hungn head, processed to enhance edge
features. Figure 16: a nmesh aligned with features in the image of a hunan
head. Figure 17: edges in the nmesh that are nost aligned with features in
the i mage of a human $EMMARYUOF TEIE ANNVEENQIIONT esonance i mage (MRI) of a
- human torso. Figure 19: an imge of a human torso, processed to enhance
edge features. Figure, 20: mesh aligned with features in the i nage of a
humanfnt B0 anEy Fiievayipus sw@a@meﬁtst et%f§e’§ﬁe‘{t’r?&t aa‘P%tlﬂPrgé?r BIICEAYEE i t h

feat Ula@iice dF polis WHRHE SesPhetd AN int DUigRal iFla@bESnprises SOPRRRERE il &
conput ati onal device used to inplenent the nethod of 'this invention. Figure
23: ahingribletliicreand apradess fapoptadizing thhaignmens of tioad. 1adhise watht tespechiteent i on i's

suscept i.bl g, vari~Qus nodi f.ications and alternative for cific
enboaisntege [ B, b ot itcBatyo0RS oBRees b ArBRlne Priat e T8 na wi 1
her ei to &erdiiss i ichBPodite fatRin of the spatml|cdofdenatrdstrthe 0tice POWEY €The t hat the
drawi ngs and detailed description thereto are naot intended to limt the

i nventqreRestte futkiop ey bap arelahércheonshinatiosefep finstfunstion 198 pebrmriseattiy, ¢ he
e b a8l R SRS GO OO BLGEIRL o0
the froi®s8@pldGaMmed obfipdmdganelr ahekttiéHdintsSi01/ 48239 DETAI LED DESCRI PTI ON OF
THE PREREmes DmE}IIVEeOé)‘ImI\éIrEaI}Fgg from the optimized lattice. The mesh may be used in any

of a variety of applications. For example, the mesh may be used to simulate a process

associated with the image. As another example, the mesh may be used to compress the

image or subsequent images in an image sequence (e.g. a video stream).

In some embodiments, the optimized lattice may be used to encode information as-
sociated with the image with or without the generation of an intermediate mesh. Any of

various types of associated information are contemplated.

Objects and advantages

One object of at least some embodiments of this invention is a method that enables one
to replace the image analysis sequence described above (in the description of the prior

art) with the more efficient sequence:
(1) Process an image to enhance features of interest.
(2) Fill space with a computational mesh aligned with image features.
(8) Simulate some process on the space-filling mesh.

Instead of finding boundaries of regions within images and then meshing those regions,
one simply constructs a mesh that is aligned with the boundaries.
Additional objects of some embodiments of this invention are the use of this method

to construct:



A nmethod for generating a lattice of points which respects features in a
digital image is described herein. The nethod conprises initializing and

t hen optwea ®iuigeot he |attice of points. In one set of enboRETERISB2I%Ne
points of the optimzed lattice tend to be aligned on (coincident wth)
features in the image. In a second set of enbodi ments, the points of the
optimzed lattice tend to be aligned al ongside, but not on, features in the
image. In other enbodinments, the optimzed lattice points may tend to be
aligned on sone features and not aligned with other features in the same

i mage. Hereafter, we refer to points in the lattice as atons. W descri be

t he proeekighl9frefidirt meshes,Ndulitale fan hirtlier icompetatpngfsutlh @s ahogolatiat bict ur es of

- crystals. Likew se, we describe lattice optimzation in terms of mnimzing
the pot enedriipl diiuental opuatipngiaid ¢ 1 attice. These physical nodel s make our
description easier to understand, but an atomin the context of this

i nvent i @ngrbdedBbdley, ia A0t the dengibly 6f hesH hotes vati@swith ifegecaigilaiily t he flow
of data anong the prinmary conponents of this nethod. A data input conponent
100 pr oduesusgrrspaciisd funcdionhaid been processed el sewhere to highli ght
features of interest. Here, the image is either obtained directly as a

resul t of3-bhaéshpd, dARESS-Mlintged H3ARMIdHIOM a conputer nenory. A lattice
initializer 200 creates an initial lattice of atons that spans the inmage. A

lattice-Qptimnm,z 300 nov he ato so that .t he | ice is aligned with
f oat ur o4 1 P hor el E syttt e cdoatebinn B the et "00: ' Zed
| at t | beodk apbaEB: fréintdagsideration aiothe tfollowisHa@ciabtiar afdl d@eifEsor storing it in
a conputer nmenory. The lattice optim zer 300 conprises a generic function
m nimzer 310 and a potential energy conputer 320. The generic mnim zer
310 iterativel y SRIENGSESCRIZTION O THEADRAWINGSof nany vari abl es.
During its search, the mnim zer requires repeated eval uations of the
function and its partial derivative with respect to each variable. Here,

t he VEgLRDI: esShMy bh&ats Raiohalthe pamaiy@ingsoneihts & SBBmbihod of @it ikn- G ven atom
coordi nates and an inmage, the potential energy conputer 320 eval uates the

| atti@epotential energy and its partial derivative with respect to each

at om coor di nat e. WO 02/ 703U 10 Computing the potential energy

PCT/ US@lre. 28288 pair-afisenfe) forae tmd(b) petestignfmhctidhs B mpaskzedatistanand y
coorggfnat es, %r%]d agn atomin a three-dinensional (3-D) space has x, y, and z
coor RHEERLIYTHE aJ¥PFor x denotes the x and y (or x, y and z) spati al
coordinates of a point in 2-D (or 3-D) space. Gyven two atonms wth

| ocatFignee %i thegonjributieps, -fox ppmipah Biskegiceshe) i ardath B, Ik rpeatem iem | n t he

preferred e ]g]gd Ditia gy vector norm ~ ~ ~ used to conpute this
i nt er{a'énlpgeﬁd‘l%p |s€§ncéaisﬁt he Euclidean norm However, any of a variety of

ot her_.nor 3y be instead, Pajr-ws tential .functions For
corrpu?lﬁl”le%af" 1“'1‘5"8#13%@3)?&\'/65 Oﬁﬁt?é?saﬁhﬁﬁwﬁge@ggﬁ’ﬂl%ﬂgtﬁ%ng atons with a
sinple pairwise force function, so that the total force exerted on an atom
by i tEigne;iyhpdres-ceatesgdngbie 3-Pelatdipmobptotiie f orces exerted by each one . of
them Even with this sinplification, there exist many reasonabl e choi ces

f or tHhiguped: r awesmid orage thainiisitesn pigesod tadeldancanfputteyodissontimribesanons wit h

t he sape, .o nqarly the sane, coordinates, the force between them may be

r epul SPPECHEEIPVe) if they are too close to each other. Likewise, to
prevent |arge enpty spaces with no atons, the force between two atons may
be atkigaget T:vea pamied idisbance flundgiien, whichirgprepents Higadesired ypriahihsrscgr . To

faci li&ats eRHH?F]ﬂ lafiaput ations, the force may be bounded. To prevent
every atomin e lattice fromexerting a force on every other atom the
force,.may be zero.beygnd a cutoff distance.. Fyrthernore, the for,ce function
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f unctiyos) cipdl© Ras ainteSPiopBA NI %RE nbANHl ABSMCH RORALA bRSuatddbSthei N ONe set
of enbodi ments, we use Shirmada's force function, as described bel ow.
Howevadpm lgepfiosf a variety of force functions consistent with these
properties may be enployed. Let d denote the nom nal distance between two
at oneRigtuke: dh siealn c@raponding bo & peeutioregmlaydnisial Intiinetfer thg seieypid image t 0 bei ng
attractive. Then, the force f between two atons | ocated at xi and xj may be

given by the cubic polynomal: {u) - s s u2 -I1- 4us, 0 <0, 2 <u, WO
02/ 7030 mwhere a is the normalized di stance between the two atons defined
by PCT/USO 1/:18239 u- ~~.-xj~. dy The coefficients of this polynom al

function ensure that the force is bounded and contin




uous, that it equals zero at u =1 and u > 3/2 , and that it is positive
for 0 <u <1 and negative for 1 <u < 3/2. Figure 2a illustrates this -
force fuwaxo2ommo30CGenerally, the force on an atomis a vectRET/UBHMHE239 he
direction of this vector is inplied by the sign of f (u), and by the

| ocations xi and xj of the two atons. It is nore convenient to work with a
scal ar potential than with the nmultiple conpo nents of a vector force.
Therefore, follow ng a well-known gonvention, we define the force to be the
negative of the gradient of a scalar potential: 153  9u + 19u3 - 5 u4 0 <
a<3a((,u =256824272 ~2" Y a, 2~ u. The constant of integration
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d(x) need not be constant; but, to ensure a snoothly graded |attice) we
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d(x~) ~ d(xj) for ~xt - xj~/d less than the cutoff distance 2 of the

pot enFigate fdune tmapnetid teponahheimage (BRI of ohubhR heahpensat es for the
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Figure 17: edges in the mesh that are most aligned with features in the image of a

human head.

Figure 18: a magnetic resonance image (MRI) of a human torso.

Figure 19: an image of a human torso, processed to enhance edge features.
Figure 20: a mesh aligned with features in the image of a human torso.

Figure 21: edges in the mesh that are most aligned with features in the image of a

human torso.

Figure 22: components of a computational device used to implement the method of this

invention.

Figure 23: an embodiment of the method of this invention.

While the invention is susceptible to various modifications and alternative forms,
specific embodiments thereof are shown by way of example in the drawings and will
herein be described in detail. It should be understood, however, that the drawings and
detailed description thereto are not intended to limit the invention to the particular forms
disclosed, but on the contrary, the intention is to cover all modifications, equivalents, and |

alternatives falling within the spirit and scope of the present invention as defined by the



1nA=Axl, x2, . . ., xn) - - ~a(xa.). 2 =1 1In other words, the
atom c potential energy is defined to be half the sum of val ues obtai ned by
eval uat i W@ @2g0xt omi ¢ potential field at the atom coordi NnBEEESOILHBR®W se, we
define an image potential energy n B = B{xi, x2, . . . , xn) _ ~ b(x~.) >
t=i where b(x) is an image potential field based on the input inmage. In
many contexts, an imge potential field is sinply an inmage (or a snoot hed
version of an inmage), typically represented by a 2-D (or 3-D) array of
nunbers stored in a conputer nenory. Here, we use the term "potenti al
field" to enphasize (and later exploit) the simlarity between the atomc
and iappgededafamsi al fields. In one set of enbodinents, it is assuned that

- the image has been processed so that the image potential field attains a

m ni mrum value (e.g., b(x) f.. -1) within features of interest, and a

maxi (uPEEAIBEDe DFESCRIRTION OF i THEWPREFERRED EMBOMMENTSh s case,
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oo orfihe bR Fe St e way tend ot Sedpidor i (o’ o b(x)
~ 0) aadat bhgeatvieh bimRe Gat@ad i 18 same WE2L 17030 PCT/ US01/ ~8239 13 s More
generally, we nove atons to mnimze the follow ng weighted sumof the

at oni ¢ Hprefferagereftie poins indhe lagtiesas gomg. Wﬁ gescgibe the process ofdattice ( 1-
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ener gptiRiza¥ibe rin (teintis of-mihimédiy1ehe patentil vanesty sof payv dteaiid Jattiegulhdsel at ti ce
that is .nqt jgned with the inage. Wen (er 1, atons are sensitive to
only Hhﬁ%lbag ’%‘?ﬁlﬁ%%’a‘?‘ﬁé@scqp’“@n € ?Io‘i?s“"r?ﬁ(ﬁia%{nl)byt 8 2698 1 Fag wonpctt hej r

at t r ¢ hiQ thvb@idH B ink&ell B I%(h@-‘_l mage and/or their repulsion frommaxinma in the
i mage. Thus, atons tend to congregate in the mnima and vacate the maxi ma

in the Flgmgel illystedteld imgmarelvietgdl theiflowend dbtar arhertgt the erhn‘éyxobmammntswé choose
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pot erisewthere behighligle fattres of ineredt. Hers, ahéirj)age is muﬁ@ﬁlobialndﬁrdcﬂ tagrnms of the

t ot al potentlal field, defined as p(x) 2 +,~b(x), (5) the total
pot erftiesl gfrfélpb?rchsmpgpr O@def{ g P C.ng(lﬁr)menet'gy é lgttice initializer 200

creates an initial lattice of atoms that spans the image. A lattice optimizer 300 moves

Yol

the atoms so that the lattice is aligned with features in the image. The data output
component 400 consumes the optimized lattice of atoms, either passing it to some other
process or storing it in a computer memory.

The lattice optimizer 300 comprises a generic function minimizer 310 and a potential
energy computer 320. The éeneric minimizer 310 iteratively searches for a minimum of a
function of many vériables. During its search, the minimizer requires repeated evaluations
of the function and its partial derivative with respect to each variable. Here, the variables
are the spatial coordinates of atoms in a lattice. Given atom coordinates and an image,
the potential energy computer 320 evaluates the lattice potential energy and its partial

derivative with respect to each atom coordinate.




- ordi nates of an

Li ke the nom nal distance function d(x)) the scale factor /3 in equations
(5) and (6) may be a snoothly varying function of position x. (As for d(x),
snoot hnewo o2mqabives t hat derivatives of ,0(x) are negli gi bPET/PSMKBLI9
general i zati on enabl es the bal ance between | attice regularity and
sensitivity to (e.g., attraction to or repulsion from inmage features to
vary spatially. Sensitivity of the lattice to inage features nmay be nore

i nportant in one part of the image1 han in sone other part. For sinplicity
here, we let ,0 denote a constant scale factor. The total potential energy
P is a non-quadratic function of the atomcoordinates xl, x2, . . . , Xxn,

with By dtg@thg})@w@tm(gﬁrgyxanpl e, note that interchanging the co
atons does not change P.) Therefore any search for a
m ni
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at om coor di nat es. _Consi de for exanple, the_chan e inP \%th respect to
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energy, we reca t hat e‘'term~(~x~, - X]~/d(x] o ~(~x] -xi ~/d(xi)J

appeaprsfermd embodintdng, theustter soumm ¢f | esqadetbloomp@te) thlsT méereftomes, distdnte | Xi - X j ~
a~ aP

ap{ x5 e0q PGt mohm et 4 ol e yemiok otk i Pibrocttd oberdy “part al

derlvatlves wth respect to the y {and, in 3-D, the z) coordi nate of each

atom Co % on g% utation of the total potential energy P requires the

corrpu?aéfl (‘fﬁpcf’ onil Bhent s A and B To conpute the image potenti al

energ{y B according to equation nmust eval uate the i mage potenti al
fiel dfosEemPaiRtiopalatiicienssy wwafl?léhe wteraszfilon PRERfALORIEVIEY B SERRIe Paiganpl ed

uni fqr,]?é Ahd-44e I &fm %%i a8, P(xi) is

t he va ugm%f t%tge(;ﬁ rsrglt%mggtggorﬁrg cg%l%ertﬁj‘%%&% at tgﬁ ge ljggér}%{ngl nearest to
t he pihistumxof. thd/foreesaxertedibe eaghpomexofrthemo fyerf wtrlﬂlehhpmdlaphﬁmatl)m,aﬂmrqo055| bl e)

but we. used this ast. near hbor interpolation in all of
Che CEIFOY BRI Chacss gir P RO %) EFR A PU®H hat the bost. (he

conput atth @baH HaPitRt% 1ok ¥aore at Rk itRE sdnd, Br Geskly tlvd@hﬁé Bodr@inki¥e, Nnunber of
atoms. In contrast, the double sumin equation (1) inplies that the cost of

t he ribstoree patwsan ﬁbﬁww brotepulgive dposiidym) ik they are fee dpseote, eaply offierct i cal
appl i 1 that an
o nZ)ﬁg%v@?§?%P&g%& IL pin%g%gdv%e rrucﬁ] g?hggf#c‘}%?ﬁ%‘k Hﬁ%{&n%)%% ost of
eval Weadttmagtiv (nIQatmyzl lfd;he)t e toofir avhy donpetich oghed, 'Iw&cﬂﬁyteaxmie@ical our design
of the potential nction. ~( h is zero for nor i stances u
gr eat@FAl ipopntbecticmanbe e, T ORFSYeFhevert & B LibE B ot om
| ocatggrify PRtEd bPBvety DHMdr £ EADIE@ hly bBSeRt BEYofd a cutoff distance.

Furthermore, the force function may be continuous as a function of the inter-atomic

distance. The force function proposed by Shimada (1993) has these properties. Thus, in

one set of embodiments, we use Shimada’s force function, as described below. However,

any of a variety of force functions consistent with these properties may be employed.

Let d denote the nominal distance between two atoms, the distance at which the
force goes from being repﬁlsive to being attractive. Then, the force f between two atoms

located at x; and x; may be given by the cubic polynomial:

9 9 5,3 (e
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potential field a(xi) at that position. This observation |leads to the

probl em of determ ni ng which atom nei ghbors are within a distance 3/2d(xi)
of each wow{7e3at ed at x = xi. Solution of this probl em PGI/HB01/4823%vi al ,
because atons nove repeatedly during optimzation of the lattice. For
exanple, if we construct |ists of neighboring atons, one list for each
atom we nust update these lists (or at |east check to see whether they
requi re updating) whenever atons npye. For lattices with near constant
density, the cost of constructing and updating such lists using sinple data
structures is m), where mis the average nunber of nei ghbor atons wthin
the cwhéatfu idithé AbeRaliED Histhnkd BéthweertiERivh Yatdrad Hefines bynore conpl ex data

- structures are required and the cost becones O m log n). {See, for

exanpl e, Bentley, J. L., and Frie@mnx;|J. H, Data Structures for Range
Sear chi ng, Conputing Surveys, ¥&t: IL, no. 4, 1979. See, also, U S patent
4,908,781, to Levinthal, C., and Fine, R, Conputing Device for Calculating
Ener g'rlléls&ﬂ?@énmﬁﬁls%woahaﬁeﬁ&% eRburbaRdti 16k Goréd s VodkdddonR cod@R0, and U. S.
patent 5,596,511, to Toyoda, S., | eda H, Hashinmoto, E., and M akawa N. ,
Corrputhlﬁgth%tlh@mlamr %amﬂm@dfma ) ﬂVérﬂmiBéd? pREitY fom0 S90%.1 4n

expr essi t he atzo ferms of the atomc

pot en e|Sga Y5 |Oélld<g(§)2 ?Léuégg%gngﬁglles {,}2;&%’%@ £i'8h. we interpret equation (2)
as ar ec;enaaﬂprthedanytdnng] aﬁnmh@mmcmt divré, alhe fdirektlorn 0K }hik Radtor 5 sanpl ed
like th epotent| fleldb . SpeC|f|caIIy, we represent a(x) with a
2-D ot eﬁ)bé{ P%?lgﬂé’@f@ £pd b dhe Oﬁi‘q‘ﬁ%’ﬁéﬁiéﬁg %5 8t theet™orate®S-used to represent
the | TR s Math m&%ni‘eg{ 8 whikl it bl sE8aPpotniid? th%ﬁv&hftﬂ% nflldipl¥ SR 'ed Then,
for each atomlocated at position x = xJ , we accunmulate a sa

pot erenéd oﬁ&mtqrdwrce~’2hereﬁore~icdﬂ©wnlg]a wéﬂaklmwmummltlan; wdeﬁneltherfdr@d spatially
to s es inside t Ci rcI or f radius 3/2d(xj) centered at

pOSi ?ﬁ%éﬁe ﬁﬁét‘ee‘)fq‘ﬁee 57 o} ’%‘ﬁg sanpl ed potential function is
non-zero. Figures 3a and 3b |IIustrate two such potentl al functions, for
noni nal di stances d W0-G2H76r0 —-1HuBCT §30%/5.1 8239 and d = 8,
respectively. Gay g"1(@/@ bet ween bl ack ndsgmte correspond to sanpl ed
func tion val ues between‘-0.05 and 0. 05) re’spectl vely. The atom c potenti al
field,a(x) |s,Si he | ation of uch fuynctions

Conpulh Foian: &f FREVEHEY 1 Fibo B g oo BRE DS PRHERIB RS iy s e

pr e- coppit BB ated REk 3lo8htihP furdtibh. eA@@Scp&@éH Ak theihélnﬁx%%‘tléh @;{)en grven
d(x) for any location X, the appropriate val ues of the potentlal function
may  bes deminimiimend r@rrmahzeérdlstynqgw el waetedbr fgyeq Snctie|feu)livedap and
interpolation). Preferred enbodi nent Qur anal ysis suggests two quite
different algorithns for conputing the total potential energy and its

par t i Batertéad iepergieg ead pyteatipl é4lds r ed enbodi nent of this invention uses
equations (2) and (5) to conpute the total potential field p(x), and then
uses @igerabipotenti6) funotioropfu)tof nbhealized distapo¢ enwe défirertbe giomiapdicetjiplat i on (1 10)

to conpute its ial deri at.i ves. Th ol | owi ng pseudo-code |isting
descrﬁ"ﬁ@ge‘f’ “hgﬁfd W:‘%?H“i‘ﬂ Bt & po THM 1: COMPUTE P, 8x , a~ , AND

a~ 101: |n|t|aI|zetotaI pot enti al fleldp x)1 b{x) 102: for all atom
| ocations x~ = x|, A2 A(xy,Xg,..., %)) =% d)?—%E such that ~f)- x~ ~ < 2
d(x~ ) 104 accurml ate p(x) = p(x) 2|1'1_1 i- (é 'X~ - x~~/d{xj)~ x05: } xO06:
} 107: initialize total potentlal energy P = U 108: for all atom | ocations
X2 = Were XpXa, .., Xn are khe qoodinaier ofwupbas ip adatiice, and @{goy i the-nomipdd(xi )) 110:
conp ac = ) onpute ay =
2 (p?&t%r ?:toﬁlc %ls%mcg i C-tmg)l((%(fiﬁ?lom%m-%c' 1r,rBGZ| (%@nﬂg%taggﬁrf)ulﬂ%g}%g@l’}eeap( Xi, yz,
zi + nbt be -cofbant; byiz to 2hsure 5.sx)mot]:1)8gra.}led lakficee ve T&{nitelthatigbesifbotionput e t he

LA bl L TR o b

the cutoff distance 2 S of the potential function ¢(u). Then, the factor 1/2 compensates

for the appearance of ¢[|x; —x;|/d(x;)} = @[|x; —x:|/d(x:)] twice in the definition of the
total potential energy A.




WO 02/7030 17 PCT/ USCOL/ ~8239 energy P and its partial derivatives a~ , ay ,
and a~ . In line 109, the values of the total potential field and the i mge
pot ent i awd é2ed7aBoat at om | ocati on xi nmay be approxi mat ed aBCTE#M148239d above,
by selection of the corresponding field values at the nearest imge sanple
position, or by any desired interpolation scheme. The partial derivatives
in lines 110112 are conputed fromthe total potential field using sinple
centered-finite-difference approxi{mtions; however, alternative (e.g.,
hi gher-order) nunerical approximations to derivatives may be used instead.
For definiteness, this listing assunes a 3-D coordi nate space. For a 2-D
space, WemSyMNoYddigs Yhe atdnilE pétenflal &lieRdt ASnaRAnP 8! b BborslBlJo¥Rkibves ap .
- Assumi ng that atom | ocations are consistent with the nom nal distance
functﬁ@‘% d(x), the conputati-onal cost of Algorithm1 is Q'N), where Nis
t he nunber of sanples in t%gx'_ 5 b Rec#il] that we sanple the t(@t al
potential field like the i gje‘,'j= df tdirf) ¢ach atom contri butes
spati al %-Iim’ted potential function (like those in Figures 3) to those
sarrplsé’st h the total potential field that lie nearest to the atom
Therefore, the cost of J@g__cgg%{l}%ti'n thel %tibutions fromall atons is
proportional to the nunber 'Sanp e”g Nngi( g field. The cost of this
al gor4 t i . t cQ ti,onal i Processing, and it
Fequi e et oF AL AR ibubtl oRleg A SRR e bR R PLRCHY B0 ot
r epr eshesihed by evadlumge. thewidoiie patsneial fidld at tisd atbd dobelisas®e for non-const ant
nom nal _di stance functions d{x) .as for constant nom nal distance d.
Al t er nabTGBsBBLAIRE AR 1995 PPLERIHENFEY erbodi ment of this invention does not
conpute the total potential field. Rather, it uses equations (1), (3), and
(4) to conpute the totalpp@@yi,2al. ., Egggb nd equations (7), Fg;) and (9)
to conpute its partial derivatives. e | 1 ow ng pseudo-code [i'sting
describes this algorithmin detail. ALGORI THM 2: COWMPUTE P, a~ , ay , AND
aP 20here ppe) iinpn jmagecronntishfieddtbpsad qurtde dypupb image. 202: for all atom | ocations

< B et s W AR PO o s G g RO 7050 18

i ni tiaaliage)atypically irgirésented by a+2-I,(028-D) ardag %t nuriBers stbredzih aloR@@eri ni ti al i ze

ap = 2/j~b(x2, yz) xi -1-1) - b(xi,.y3,, 2z~ -1)J 207, for all atomlocations
x | SHRYh ermwg useyghe tewn Spgieriisl iie)fdzo@. ergphatire | (ard laper—explait) the 1 - | QG ~~~xi
- X] sﬁﬂr&y)bém?&ﬁ:th&mu&ampm‘mﬁa-oté&%i)arhaa@ﬂ - Xj ~la(xi))l~a(xi}ixi, -
Xj~) 210: accumulate ~ = ~ -1|- (x~ - x 7] ) 211: accumulate ~ = a~ -1I-

~(y;, -Inygne spti of eraloedimehtat & is-assumed fhat-the imagezjaf b2&i8 pricedadiso $hat

PCT/ UsSOL/ - 18239 For, ch .atom. |line 203 acc | ates, the i e tenti al
ener gg“' B %P %Flﬁéaqfﬁ@a?éa%ﬂﬁu At lé%mtvﬁglea(? '5m%g’5p%t§ﬂt Vﬁﬁmeﬁégw%x for each
at ominteiegt)oid 4 paRinilie vahieae.gRA(ENK @)l incnehgyesing kidicisi I8, thisidags 204

t hrough 206 and 210 through 212 accunul ate the contributions of the partial
der i PHPIiEEZIRg tl@%@iﬁsﬁﬁgéeﬂg'ﬁhewﬁnﬁds gtiEentdp reovdng pemstipto mmipart i al

deri \afrbipeadiak tb RGtkRl 8 inRRLEL ™M b inRBer 9y Line 207 inplies the use of an

auxi liary data structure that enabl es atom nei ghbors nearest to an atom
| ocat edngg sexond st of embedidents; it in esbugeil chatythe Tinhge baxt lzees tproetsad eo must  be

t.ructed in. updat ed wh e.. At
F epediaicits reShoreRi Rt JBtiod B kTR RN E0 i Fa SLTHAJETHRR i ze ¢ he
t ot alof pRERSY bad aGhRiBYm VERRI(8EQM(H), ~10)en aoter@hingBEAb. ThRMbistchies data

structure may be significant. For the nost efficient data structures, the
cost MiBimmigiag thedmagepotertind eaerey doiientivalentde amying atpws puas frapythe t han f or

CoNs LA DAL 8Bbndlhs S RGBS ofliffeldsE fi {H'ifh @, | Zat 1 on

In a third set of embodiments, the image potential field may attain a maximum
value (e.g. b(x) ~ 1) along a first subset of the image features, a minimum value (e.g.
b(x) =~ —1) along a second subset of the image features, and an intermediate value (e.g.

b(x) ~ 0) away from the image features.



As noted above, the total potential energy P is a non-quadratic function of
the atom coordi nates, with many local mnima. During lattice optim zation,
we nove wOoiesi7dd0eratively in .search of a m ninum |n praRET/U801/483%nei t her
seek nor find the global mnimum Rather, we find an optimzed lattice of
atons that is close to an initial lattice. Therefore, it is desirable that
the initial lattice WO 021-47030 19 mnimze (locally) the atom c
potential energy, be highly regulgy, and be consistent with the nom nal
di stance function d(x). Constant nom nal distance PCT/ USOL/~8239 For
constant nom nal distance d, we can easily construct an initial lattice
wi t h t hbee gamepdlyt wemovd-atgsao dinimlizesthe dollosrig ediglaed atrhiof éhefavomiz 2- D space.
~In this ideal Iaf,ti ce, .the atons may be connected to form equil ateral

t ri artddBiagepategiial epsteleshet ween any atom and its six nearest neighbors is
sinmply the constant nom nal distance d. At this distance, the force exerted
by any one atom on anBt=h&{(xi,x2.exaxt) ¥ (Zer B)A 4Bt he atonic pot é4ti al energy
is locally mnimzed. Figure 5 illustrates a regular lattice for a 3-D
spaceyhifilive ¢all thel RRE- SROHLRN %geﬁb!b"l%e(éﬁ%_)fabiﬁﬁ t9 QBerrhimedIhE RIS are
arranged in horizontal |ayers that look Iike the 2-D lattice of Figure 4,
but wortritadions Phyvlepnd i tq tie tntalgpatential eneigy | P.i WheneOrolleatehs tdnd | ayers

abov W For.charity i.n Fiqwre 5. . at oms,hn dj fferent layers are
r endgsr0 \2' V\%b ﬁ‘%{%scfolﬂé? u%Mclo tl(():?’ glbatimnn%% ‘é?dg"ﬁ’itf‘ Eﬁealgle@e'o ﬁlrl y. l’l'?iteonﬁi st ance

bet wera saijtivat tondmy tmhgeSsdnvidé velubL dleg dtomie nghbonl adtkd Badidief thenrst ant

nom nal distance d. In _cont rast@)o equi l ateral triangles, which can fill a
2- D sbeetiamtq minignar igsthe jmpge apdy/ oz theip sepulsigns fram maximenigthe imegsot fill a
3-D e V. I b i ' et ated to
obtain hi S%O:H% %ggtr}lgacﬁﬁgrgﬁ&gﬁgglﬁg. Varai':% Lé&rﬁ%ém{a%a I stlélnfzﬂg % é’i nitial

ar r andgddiepgta lghigtioagnlarslathize e Toipichliye wletchbase ﬁarurgorand@bsaﬁmatlaﬂtineﬁthml di st ance

function d(x). The first conplicatipn is that the function d(x) nust be
conput @Pf,’m#‘f'?aﬁ?h’ ToFHA ARASESRE t@dfnf"geeg?‘t“ﬁ%s' an exanpl e of how one mi ght

conput erd faiss et jodhtial 0184 ago_atnh@(kmm@tc{tm-meqtiah@nér?%e_ potential field
b(x)) displayed in Figure 6. 1hls image is a horizontal slice through a 3-D
sei smc i mage (not showny _tgatl wa ) dyto highlight faults,

di scontinuities in subsuj\ff—az= 55%\/2?@5(/’8)0’?@6&& k linear features in this

i mage represent WO 02/t7030 20 PCT/USOL/. 18239 traces of faults that

i nt erlBdermns ofjthe pesal pabertiyl figld; definedpe faults are approxi mately vertical,

al nost orthogonal to this horizontal slice. Figure 7 shows the result of
snoot hi ng the seism ¢ i nmag&) Eo(lobPa(r) apbes), i mat e of the nom n@) di stance
function d(x). The darkest regions in this figure correspond to a m ni num
di st 3ng eutQf pHetif eﬁ@gpliﬁes) and the lightest regions correspond to a nmaxi mum
di stance of d = 18 sahples. These nmi ni nrum and maxi num di stances were
specified explicitly, based on l\ev f detail we observed, jn the

sei smic i mage. Distances agezgtié]ﬁﬁ)*iﬁ}’(f‘ e middle-left portiolof the
i mage, and larger in the lower-right portion. The average distance is
appr oxi it éhe/n@ninakdintahnes funkcios d(rg, Hppichle fadtang in efeativori(Badndd(63t ance

function, d(x be specifi.ed expl.icitl r.copstructed interactivel
usi ng" % E%%p%ﬁog)?mﬁrvgﬁ’f@%n?‘f%’}uoﬁé’? Ofli‘f ni’?‘r% Ss.for\fgf{i\ Sfréoé’g[i"besi BORURE pr es)ént
i nvemhitmdbmivhtli!@s@@wb?l arBRBARAbIE.N THH Edhefadligationlablf tigH balarcs beRrdRMt ed is not

inmportant. As stated above, we require only that this function be snooth;
i . e. laltigaregularity and sensitivity to (e.g., attraction to or repulsion from) image features

to vary spatially. Sensitivity of the lattice to image features may be more important in
one part of the image than in some other part. For simplicity here, we let [ denote a
constant scale factor.

The total potential energy P is a non-quadratic function of the atom coordinates
X1,Xg,...,Xy,, with many local minima. (For example, note that interchanging the co-

ordinates of any two atoms does not change P.) Therefore any search for a minimum,



~Vd~1. The second conplication is that of arranging atons in a lattice
consistent with the nom nal distance function d(x) . Here, we describe two
al gori t hwe ®2a7030hi s arrangenent. Preferred enbodi ment TheP@r/ESEr48239

enbodi ment of this invention uses an algorithmfor generating pseudo
regular lattices. The follow ng pseudo-code |listing describes this
algorithmin detail. ALGORI THM 3: | N Tl ALI ZE A PSEUDO- REGULAR LATTI CE 301:
initialize an image-like array of foolean flags w(x) = false 302: construct
an enpty list of atonms 303: construct an enpty queue of atom sites 304:
append the location xi of the center of the inage to the queue 305: while

the oquably bk diére 1601 Mitfal Miice gREdiamds, oD e ifeR@ivel IB4n sffbientiterh’ OM t he
- queue 30'1: if xi lies within the coordi nate hounds of the i mge { 308: set

sphertivesearghatq myst evalypierepentedly bertial dstjvativesiof ) wivh wespestcosthg atompp
02/ - : . |
= 310: %gﬁﬁna{%%s g‘%ﬁ delfsf f?l{]sﬁggﬁét g@g&hgg 1ed P:d'elt% v% E?Ct%g Gy ngage Blfaﬁdsgn{ atom

wi t h theathliateai:es xi to the |i st 312 append i deal si tes for atom nei ghbors
to the end of the queue 31@P } ,h314; 6}43 B} PCT/US01/-t18239 The array w x)
initialized in line 301 |53@Té]n*peﬁr ‘;R array, with di rren5|5)ns equal to
those of the inmge. Its sol € purp ose |s to mark locations of atoms in the

| at t i lBeevalating phe partipd rerixative @é/@mevfmhgcﬁtwwwoter{% engegy; we Iefadle 309

ensur n;a t e

pr ef é??teﬂaaﬁhghgsﬂ%én E/fi %’Q’I)Jl S |n</e ‘/ dﬁaﬂtaﬁpgarg%gg%éan &b%%gélglséi}r]re as that
used dqoatddroflg. Therefont,al potenti al f| eld p{x) in AI gorithm1, so that no
additional mermory is required. Figure 8 shows an exanple of the array w(x),
conputed for the nonmi Al di %n B 0n tlbn ghown in Figure 7. g@ch circul ar
region in Figure 8 i xgente td@p C}Ipacat;d ;lon, and has a di‘ameter
proportional to the val ue o% the nom naI i stance function d(x) at that
atom | ocation. The constant 28 xzproportl onality is the factor y in line 308
of this algorithm By choosﬁﬁg this factor to be | ess than one, we permt
some atons in the inidfal_| i,{ ge to be closer together than t nom nal

di stance function d(>dz:i npl Pe know ng that other atons wll further
away. W determ ned e&lﬁer_lr@pl{ |y that the factor 7 = 0.8 vyi !uﬂs
pseudoregul ar | atticem;conspstefit with snooth noninal distanc unctions
d(x). The ideal sites in line 312 are the | ocations of atom neighbors in

t he rS3milbarestlss by &8 obtajmmd dasilyFog painl derdvadives withhrespdetstoathe @s{ahd, t hese at om
nei ghb%aﬁ e, not bﬁ é)r% Therefore, for constant d, Algorithm3

yi el d8 ’r@ﬁlfl)é?orﬁ eaic RE"ne of these. For non-constant d(x), it

yi el ds a pseudo- regular | attice. In any case, the processing of ideal sites
pl ac (goln t he queue causes the lattice to grow outward fromthe first site
pl acedThyte & queue. Therefore, the first site acts as a seed from which

t he Iattlce |sfgrovvn Li ne 304 of Algorithm 3 chooses that first site to be
t he Cemmpmtatgn efiphe t%&bﬁotemqlépﬁar iRkequisescthp sermpitshion phifs bempensats For

exanpd ngl B, arJ"é&H QT ensl g@%&)%tﬁf ezielr%% %&ec%‘{\&&l@ td%3hhGsh (dher the

| ocat'i ons ‘of one of m)re sour ces
must evaluate the image potential field b(x) for each atom location x = x;. Images are

typically sampled uniformly, and the simplest and most efficient approximation to b(x;)
is the value of the image potential field b(x) at the image sample nearest to the point
x;. More accurate approximations (interpolations) are possible, but we used this simple
‘ and fast nearest-neighbor interpolation in all of the examples shown here. Equation (3)
implies that the cost (the computational complexity) of computing B is O(n), where n

is the number of atoms.
In contrast, the double sum in equation (1) implies that the cost of the most straight-

forward method for computing A is O(n?). In practical applications, n is large enough



WO 02/.47030 22 PCT/ USOL/ 48239 used to seed the gromh of a lattice. As
anot her exanple, a center-of nass of features in the i mage nmay be sel ected
as the se@243eMt i on. The nesh shown in Figure 9 is the DROIHUBH{#S8239
triangul ati on of a pseudo-regular initial lattice created using Al gorithm 3
and the nom nal distance function shown in Figure 7. Wile nost of the
triangles in this nmesh of the initial lattice are highly regular, the

conpl ete Del aunay triangul ation shpywm here yields some long thin triangles
near the convex hull of the lattice points. Such irregular triangles near

t he nesh boundaries may sinply be ignored in subsequent conputations.

Al t er frat ad ©(RFD-H foeRbmAGtIRd Herdtdd by ewelBadidrehin tHe O (M) Todty evili-on uses an
~entirely different algorithmfor gen erati nq pseudo-random i nitial

| at t | @dg BTHE redjice dhe prt pEeraRtgad We Bey supleld ouF desisn ¢fitig pateghiel t | un in
det ai THV.4: ﬁ,!ﬂléﬁ ?%%npgg;\q T . truct
ere}p'zle ;/ f@%n%@})’a‘ﬁo%n%mfggj: f-g% or a ?é%lx(ﬁgtg#%% y thg‘é ?}ﬁ%céﬁeoﬁg%@ngeggsdrgcd(i?

404: Ohly2hPateed ngarest 26 A2 ad@h lodated3atDhositivh 3p=x,;2dod@ibid6to tjeneomice a
pseudo-r&{rilag%n@tn% er ﬁ: uniformy distributed in [0:1) 407: if r < p, add
at om PYE T& N 1 t_ PEPOSNE- | i ne 404 (for 2-Dinmmges) or 405 (for 3-D
i mages) Tofs Jpbirsatfdndsdstth TheABPIEET dbidEmRE bk A8k HeSmbIRMR &iniR:

corresponding to a value of the nom nal distance function d(x). In a 2-D
spacea distance gé(xd)ewfsaacly afom lonated sbky= pr- diobrticngd ahis poobldre ischanttainizd, squar ed
between atonps: in a 3- ace. it is inversel roportional to distance
cubecbetis XOhS PRAE whspeRP e iAot e e 800 and 2/ (11 ne 405)
cor r espepdetanplé)ar wdashsthadt liskest wombring afont) 088 lid RRdad atb@spRCt i vely.
WO 02/ 7030 23 PCT/USOL /-18239 Lattice density is the probability that an

at om BRsttpdatertheseyistsdonet spstshesbite aeyhethrs thebigauirg prfesinghehemuerao7 use a
pseud@a{:@%&@ %pm;m&em@e&r odrBtaft! ety 2HHIMoECof %sér&étir{g\?%d%[%-h t hat
probabi ITty. Thi's algorithm uses commnp?’ace conmputer so re-tor
generditinggueh pee usiog smgle dutaustiweturesnis fQ{rer )y whers trn iisihie exsteriage tunabdrnt erval [0

e PSR LT 0 WS B ) R, SRS,
conpl gb:elytal SRICHRBR &re r8ililtdNRAGhe odtNRcRMQf Ol AR H)." Gt | BN exap1p)! anes of
symmet ry exhi bited by pseudo-regular lattices. Depending on the
appl i Battlepnd. b-hprd Feigdman,ndiyi n Slatd Strastuzesvian Rages Stamdhing, (rmmiting a
0SSR ARIAN ) bh 2l 1SS o NS Blahl BSHEL o RGBS 1 2L e

Fine, R., Computing Device for Calculating Energy and Pairwise Central Forces of Par-

ticle Interactions, 1990, and U.S. patent 5,596,511, to Toyoda, S., Ikeda, H, Hashimoto,

E., and Miyakawa, N., Computing Method and Apparatus for a Many-Body Problem,

1997.)

Our expression of the atomic potential energy A in terms of the atomic potential field

a(x) suggests a simpler solution. We interpret equation (2) as a recipe for computing an

atomic potential field a(x) that is sampled like the image potential field b(x). Specifically,

we represent a(x) with a 2-D or 3-D array having the same dimensions as the array used

to represent the image b(x). We first initialize a(x) to zero for all x sampled. Then,

for each atom located at position x = x;, we accumulate a sampled potential function

$[]x — x;]/d(x;)]. This accumulation is limited spatially to samples inside the circle (or

sphere) of radius %d(xj) centered at position x;, where the contribution of the sampled

potential function is non-zero.

Figures 3a and 3b illustrate two such potential functions, for nominal distances d = 4



random | attice" an oxynmoron. Figure 10 shows a nesh corresponding to a
pseudo-randominitial lattice generated for the seism c inmage, using

Al gori t hwoa2/42030hough this nesh is statistically consist RET/USGIHSINe

nom nal di stance function shown in Figure 7, it is highly irregular, with
many triangles that are far fromequilateral. Lattice optimzation w ||
make this pseudo-randominitial lattice nore regular, but will require nore
work (nore iterations) than optinigation of the pseudo-regular initial

| attice shown in Figure 9. Lattice optim zation The lattice optim zer noves
atons in an initial lattice to obtain an optimzed lattice. In one set of
enbodimirit=s8, rdspectivplyl Grayelevdisictwen blskhnad vhite gotrespondth m;ﬂeddixh@ned with

- image features than the initial lattice. In other words t ons |n t he
opt | rﬁ%@hreatbﬁ‘@én £0205 2 0%, resmestivalye The atamie oteatiyf fie & sipaply

pseu tion, mhlle
- Bt ot B Ab ] bR Sud bl PEPES! SotRalOM Rlleg tRSE Spaill L
anot hertersiaf fufctiondody Iimrp:re-compnﬂ;edapnd valzdaket] zidmdxﬂ”aenisndunmbl disigutear and m)r e
rarefi al ong th e, features than th |n|t| attigc The lattice
pt 12t 80 GEH G G 5 08 PR Rt 45,51 S otPDH JuuhoB bi ¢ 1 ar y
functih@npotietdRhined afficRRAIE By tJm@woﬁﬁ;Is (&8aBRUbRy %dq&tr&pcﬁ@u&nw s software to
mnimze the lattice total potential energy, is a funCtion of atom
coordi nates. Various choices for the generic functl on mnimzer are

pPOSSi Ple@rrel®nitdginef err ed WO 02/ 7030 24 PCT/ USOL/ 48239 enbodi nent, we
use the limted-nenory Broyden-Fl etcher- Gol df ar b- Shanno (L-BFGS) m ni m zer.

(Rgngeslfén ﬁ%ﬂ@ St%gvgésjflm%émp i Rgfgr%ﬂ@le%s gdﬁcfoqlﬁgflﬁ lgégp(ﬁ‘hl (fﬁen ed Menory

Met hcabsrgy Taehits qaktlﬂeqmwathM’n& phéfartddvwasb@limendnofs €iis nﬁvyentldie psast ment  of

El ectri cal |ng and SC|e artlcul arly, the
si npleél“f‘wps%g s‘ioH‘rPuBhC%ﬁa{@@??‘?teP“E ‘%gd Bg eﬁnﬁlnl\gﬁnrﬁ‘sf PQUatiohe |- BFGS
met hog) ith @bAbheine RXA Tﬁ&%&%ﬂ anbPChhPRa@hnl (19) RE bhpliteIRE ip4AkdIves, in its
searc for a mnimum m nimzer requires nore conputer nenory

but fdeveatifesnThe tolowing mauctor@ds listirgndeseribevdhls adgovthwamjdelgdt e gr adi ent s,
anot her wel | - known net hod. However, the additional nmenory required is

i nsi gnlj%gjaﬂ{.r ?!"08959?&@51 o toet he menory required to represent an image.
Furt hernore, e cost of eac f¥nct | ori"*eval uation (conputing the lattice

total pgi. entlhl@lg.lm%@&ragy()t%dtﬁl ﬁékgéxxﬁ] gggl y nore costly than the other

conput at 1 ons perforned Therefore, the L-BFGS mnim zer is
wel | - suit:ed foralk #pm lq)qwefﬁtﬂyewq,mef srnr{ed enbodi nent The preferred

enbodi t ofgt YERY O e followng algorithmfor lattice

optim Zrig“?l on. fo J@%ﬁ* Ql—ﬁaé %#éﬁ?(fggHE LATTI CE 501: get the initial

| at t i cd04t om coondiatarEs =d(x) & A — Bdllx — x;14dx;H02: construct a potenti al

ener gy q g%qrrput}er 503: construct a minimzer 504: conpute the initial lattice
en

t ot al ti‘al energy P 505: do { 506: set Po = P 507: randomly perturb
xI, 2106_. L, xn 508: do { 509: set P,, = P 510: let mninizer decrease P
by adj ygt.i Ngphize Gal potential eneftl PLy }while Pi-P>e~P |

108:  for all atom locations x; = x1,X%2,...,Xn {

109: accumulate P = P + 1[p(x;) + Bb(x;)]
110: compute giz_ = l[p(a:i +1,9i,2;) — oz — 1,94, %))

111 compute 3£ = §[p(w:, v + 1, ) — p(@i, 4 — 1, %)]
112: compute g = %[p(zi,yi, 2+ 1) — p(ws, ¥3, 2 — 1))
13:.  } .

Lines 101 through 106 compute the total potential field p(x), sampled like the image
potential field b(x). Given this field, lines 107 through 113 compute the total potential



* decrease 1n

WO 02/.17030 25 512: } while Po - P > E~Po~ PCT/US01/~8239 This al gorithm
begins at line 501 with an initial lattice of atons, such as the pseudo
regul ar wWax@24de30pr oduced by Al gorithm 3 or the pseudo-r antiGRUBH{A82¥e
generated by Algorithm4. It then (line 502) constructs a potential energy
conputer, responsible for conputing the total potential energy P and its
partial derivatives. It then (line 503) constructs a mnimzer, which wll
use the potential energy conputer {o mninmze P. (Construction of the
potential energy conputer and the mnim zer includes allocation of nenory
and initialization of a nunber of variables and tables.) It then (line 504)

COWpLﬁr@ﬁgytPQnHQfsqiarﬁgt@ﬁf%ﬁi\l'es%l’%}{ abd ¢F. theink 109, ithe vAladst dfahe tokaR r enai nder
- of the algorithmconprises two nested I'Oops. The inner |oop begin ning at

| i ne moentiadficldtand the pnageiotentin fiddd at plomylasptiondr @pn e aBprekimaged as  — x~

tod t ' X ' i til the
SEERE hOfic, O Shechidh SERH.RonEAh B ela VAl e MOBR CRB MBS | cool d a

i n | iplepbdition, Ar by phg désitel igteitoldionscherre. THRQhrtidRaedldtivedint liteh ¢16-ot al

potential energy is a function wt ny. logcal mninma, The_ inner |oop

begi nd2e 1FomRBted, fForm t < oompetsral Aad SingaPlectter iR aIERERA ni num

near egfnrd:@mhiiIGRe hoReVed) Ql@érﬁébivevg.é?,aﬁﬁh&t}%ﬁérzGiﬁn{epi@él dpphSim@Eés {8 ni mum rmay

have a total potential energy |arger than that of another m ni mum nearby.

The olerizatives apayblegyisediingjead Hor defibmessn bligh Estinghassahnesor Bithrodrdinpteve from one

| ocal _m nizrumtQ another .ong,. until, the decrease.,in total potegtial energy
P 1 o P G Pt aPese N pBRGoibet e b oS A pRseL U AR o i 1 e
507 ar eAsdudihg tHay Btdialdcytions 470 Eshsistean wid%he hoihlial Afinbefunsbist #age d(xi),
for each atom | ocation xi. use a comonpl ace pseudo-random nunber

We
genertie spmpptagionplurost phalgeriphm tluis Aty b vdereshbisdha agmber ef sammplefsinof t he

i nner. BnL n ] I i : L el £l C r p,n total
pot oty AadE, SR B QP G el Hloferial S 30 W le, B BRE B, 0 o
t est dtom cootribetgengeatiaBplimiledqpsential funotére (lideahodehie Filaresed)ste thoset ot al
potential energy P becon jhsignificant. Alternatjve_conyergence criteria
are @aﬂlﬁkﬁwiﬁ%%tﬁl EECHERSY ﬁﬁ? irineatertol? bl 0B R Be et eotar o not

| MpOrdcaithulafifl tIRX@MRHKiticRs Erof M&tohﬁ@bﬂ%b&i&nﬁ?ﬁﬁtﬂe%ﬁﬁ)e%%ﬂﬂi& WO
02/-47030 26 maxi mum change in atom coordi nates is |l ess than sone

t hr esMah dihe fedd/ USOL/ ~8239 Figure 11 shows the result of optimzing the
initial PiRs ogsg -o,{ %ma g)rikhat tzsl (c:(?mfa%blet Qoethsagio %ﬁ: e;zgzroa ’immerr% ts.g%% | mage has
been processéd to have Val (e HEAr mMhis" 6h&™d ong 1 nma 84ttifds and zero
away dndafrdgimreeddi® sdridieses nRexdt lcoRplontlianthd &npleMrr-ehst apasedthede t he t ot al
potential energy Pis a wejghted symof atom c and | mage potenti al

ener gim@de- | Fyrthefraonsy thegost ls\%@e gregl fnoprregdanichyrinal @stanes mchions resul ting
opt i iiZPLk foRbbhsnyi ronfiRd Midth ol yy regul ar (again, ignoring triangles near
the convex hull of the lattice points) and well-aligned with inmage
features. For images wth small or narrow features, it may be useful to

per f Aparhhdvof ditidih&w 1 terations of Algorithm5 using a slightly snoot hed
version of the image. These first iterations enable atons to nove towards

f eat .M : ele\M 7] e . r away from
i ni til%rfalmgp ?{]‘(’:ega oc*fi é@%%ngsf\.%%ﬁlcl)&r%gmg?rl 23%?1 %ort %glt%@g%l tr}l’fte ? ?téf Eét%fl%&t eieda'ls noot hed

f eat Radber, &maket lReuationg ($)y {3} Guen(d) ito epmpluienthe total pogHntinkeemdrglt iand f eat ur es
in the origipnal_.uns thed i nmge. Curve and surface extraction In a
spac@g'f‘?tllqng ﬁ@’ s D Eﬁrt\t;é:gmppw 155 Il?f)mélrgeé"d?"f“éeéeift‘? ?@033'1‘15)1335 sdei nplicitly.
For ex@aPh&crib thiGaidsritnEaesfiown in Figure 11, any contiguous sequence of
| i near edges of triangles represents a curve. In a 3-D tetrahedral nesh,
any union of contiguous triangu A facags of tetrahedra represents a
surfaceAL@RIé"@M%’e?OMBEITEsDuc%E‘?,cm,V&D@a surfaces are not interesting,
because they are not aligned with i mage features. Figure 12 highlights

t hose @fYes intializ tefplgpasentiphapereggpedr to be nost aligned with faults in the
sei sm (202':nag&.auTa!g&n%gﬁ&mggggvm&%r_e,,yY\{e{re chosen sinply because all inage
sanpl e val ues beneath them were bel ow a specified threshold (-0.2). No

att enp0das meweulage Por et Bblnect i ons anong i ndi vi dual edges. Nevert hel ess,
many edges are connected and do form conti nuous curves.



A space-filling mesh facilitates nore el aborate curve or surface extraction
algorithns than the sinple thresholding used in this exanple. As one
consequewse02a700hi s i nvention, we anticipate the devel opnRGE/USH/ 48238
extraction algorithnms. In contrast to extraction (or segnentation)
al gorithns commonly used today, these new algorithns will produce WO
02/-17030 27 curves or surfaces guaranteed to be consistent with a
space-filling nmesh. Alternative |ajgices and meshes PCT/US01L18239 In the
precedi ng exanpl es, the imge potential field was defined so that atons are
at tracted to image features. In sone situations, it is desirable to create
a pseudzndr eguiniializeagt | [3(8; Wiy B;) atiges- Bexdlepel | ed frominage features.
- Such a |attice, i ned ysing the optimzation Algorithm5 with the
sane atofic p’t‘}it‘réﬁ%lﬁ@‘[ﬁ?ﬂﬁbz%%ﬁ'gﬁ‘b _aﬁ(“firf""a—r}’i’ih'age potential field that
at t ai ns208: Maxinitiaizevgl vel Ay, K1) —AANG, A4 Fage features and a m ni num val ue
“(e.qg. zero) frominage features. Figure 13 illustrates the result of
such arf%pt i %@é{ f‘"BH‘TPW‘O‘PSn’éV' Sé@? f:""l“rfﬁ &39%%bfs in this optim zed lattice
tend togoBi ne L@c@h@ﬁgsidqaigq*gw“ﬁia&gpd(s@ﬁtur es. Figure 13 also
illustrates a Voronoj ngesh )%g[nerat ed fr 5 e optimzed lattice. The
t L.

m
Vor onoi 2%esh i €TPHE ATl of 'FFé‘ESéII/‘é(EfF‘?Hid({‘ Mamgfll ati on. Thus, atoms lie
wi t hin qyesh el KBRS ‘Qgﬁ_pb@ﬂ_a&.)the vertices of nesh el enents. Because
atons in the optim zeﬁat{;‘i ce tend to line up al ongsi de i mage features,
the boulldari estcBrWee gpoT siesAsratient s tend to line up on those features.
Voronoiglgpshesdcmat@lg&&t_ @ns A Ligations, including the sinulation of
fluid flow Qften, Vor&no‘*neshes fead to finite-difference solutions to
parti al2ldi fferential equations, whereas sinplicial triangular/tetrahedral
nmeshes digad yo finite-el ement solutions. Both types of solutions are w dely
used today. 1 n both types, it is desirable to have nesh el enent boundaries
align with i mage features, because those features often correspond to

di scont Ferusach atom,linerdf3; acqumplatnsdhe irmage pasentiog epeenif pnd line 38% abe desirabl e
to cr = | [ ] are I d.t,0 certain
Foat oy Dufiidh SR A SUAAT el 1 P ARt B WRE BRI O T Ty
be adwenydtjdiisviteg linksa2(d thegh 206 atd D10 thrauph@ R wedusnulate 8hé &@tibi- pattern

whose, | oc density corres ds to hyman popul atjion density. It may al so be
Gloo: g s Do el derEBIHES T s feashand ROmBaLaeal GiPrere B Bpeshialh g
el evale}iOtives obthe thORpofintiaPaRES. N ridges) and to avoid areas of |ow
el evati on ., canyons or river valleys). Thus, an imge potential field

e.
may | ncLi@Géﬂﬁgnpliﬁﬁ the gserpidnrauxibary Wakd staectioet thehenibltsetphateeghbers W O
02/ . 8 it on anpl P, Us0l/ . 18239, The net hqd of this
i nvenjntllg%%t t%}?ﬁ%&lgolg a'ggda?)tg% i_gsg‘ tt((:5 Eaer?e%%% e%lqurlbcglzs%hﬁ (galﬁ? 5“&‘%“3%9% a magnetic
r esorbare@nitiaged ¢Mrlspmafwag updated wieaeher 3tvns WiV A8dmé MAGErdpsatkdlgel v
avai |l abl e fromthe tional Li Br ary ﬁfﬁ Medi ci ne, as part of the Visual
HurmaA™ BFY [ ER Ve FSeqfigh ¢O 8100 S9RIAingEss | thaky Buinimize, the tgked potengial eneBhance edges,

di sCofteldpste! iR obt ofl Hfintaining this data structure may be significant. For the most

efficient data structures, the cost is higher for non-constant nominal distance functions

d(x) than for constant nominal distance d.

Lattice initialization

As noted above, the total potential energy P is a non-quadratic function of the atom
coordinates, with many local minima. During lattice optimization, we move atoms itera-
tively in search of a minimum. In practice, we neither seek nor find the global minimum.
Rather, we find an optimized lattice of atoms that is close to an initial lattice. Therefore,

it is desirable that the initial lattice



original MRI. A sinple and well-known Prewitt edge enhancenent al gorithm
was used. This edge-enhanced i nage nmay be used as the imge potential field
b(x) in Wwoe2zmze3eod of this invention. Figure 16 shows a nechusgtiszmdzed for
alignment with the image of Figure 15. As for the seismc inmage, a

non- const ant nom nal distance function d(x) was conputed by snoothing the
i mge. Nom nal distance values range froma mninmumof d = 4 to a nmaxi num
of d = 12. The imge scale factor {g ,0 = 0.4. Figure 17 highlights line
segnents in the mesh that are nost aligned with edges in the inmage. The
segnents shown were sel ected using the sanme sinple threshol ding algorithm
that was wsedizé (ocillyy thebmii6 pbieRPS enbiggur es 18, 19, 20, and 21 provide
- anot her exanple from nmedi cal 1 maging. Like the inage of the head, this

i mage of b%kﬂuhrfarr' tgrso is freely available fromthe National Library of
Medi ci né. 9 hagd "Prote&8 ng and lattice optinization for this image is
“identical to that for the head i nage, except that nom nal distance val ues
here ramde dopgistent withithe nowinabidistagcs fingtiomd(xum of d = 15. Conputer
systens, menory nedia and a nethod enbodinent It is noted that the nethod
of the present invention for generating pseudo-regular lattices which
r es peleenstasd ngménal idfstancdi gi t al i mage may be inpl emented on any of a variety
of conputer systens such as desktop -conputers, mniconmputers, workstations,
mul t i Foraoestaot nayishe distanpe dalweedanpiasitye §GRtSctOhn Vafihlolstidd WilE theest ri but ed
conputing netwrks, etc. The nethod of the present invention may be
r eal i RFERETHIES. higursrd Hystaates puchat dathroolor ankDomasmo o s idpaldpttise.ethst or ed ont o
any Ofiofs ¥l Bl donREct &P IR fo¥m Bl el $HarPes CRE AMta AR AREhdcG: aqmmb ubbl e
menory, sem conductor nenory (e.g. any of various types of WO
02/ . Bpd3G 2Onda@Ht vechbors 8280plyrthRGMstankuomivel distaace 8§ hAb thiodietante, mor e

sof tware progra and/ or the results.the enerate may be transmtted over
any o egm\E;ea )&gte 3fané’acfnieiaé?mr?éid?r’e?%%eﬁd%e’%ﬂgﬁ?ﬁoc QIFCFF}feoéPm}C PREEHA ¢ wire,
free capages Roglyomidii2agh any of a variety of networks such as the Internet

and/or the PSTN {public swtched tel ephone network). Figure 22 illustrates
one enbbignieehillustratesta reselonfaities foryes Bdhsraser dhisistanfaserrdensd-chkic| atti ce

generghd L hvent i syst;em 203, may i ncl ude
o 4ECY e )Ry b PLE S DRl RIS ABTHE e T o0y L o
menorattidevf CanrddAdyt with each hperestiifog@lisligitlyito €3l in0Be hole ofkheMagyas di spl ay

devi ;:?gs 510,, and one.or m)he I nt etéef ace devjces 512. These conponent

subs PEPEANIREPh I FHAEHE Sh Rt thE et ingliFesenilgyest atg ronderad ity
conf isghdrad do&d inNapMehid JTErBY ' 16 l,ces such as
tape sgrirves?,. dilélk dri vesl,ahgsem cong\tl}gt%}c%&ﬁR%l\)/I&géeEE Réftllé\]/lfEl %h?gtsd@rél%gt devi ces
508 magrestrreighhersgayale dbe sopstanh somineddistanceld. nouse, digiti zi ng pad,

trackbag | - [ 54 ngd/ ar chi en. Di ay devicas 510 may

i ncl udgﬂncfg{lﬁr%ggggé‘gﬁﬂééf t\rfrﬁﬂg ?‘Bgrws,lglpcragjﬁgcatg%bss,ga‘ﬁeeggzei)gt?ﬁg’églgaf% bays, etc.

| nt eefaitterdbtetabedrh tanmm illke3-Dofphiq Neverthddes,Cibing & 4 BCOALtticeRge data from
nore_acqui sjition devices and/or fromone or nore renote conputers or

one Qr
st orgﬁér‘a’éﬂ}‘i@%‘%tq phtatighishly feguleyy tetrabgdranf a variety of acquisition devices
may be used depending on the type of object or process being i maged. The
one e acqui sition devices nmay sense any of various forns of
rrechyr?‘flg&%“ f?@?f’gﬁ%@%‘:@. acoustic energy, displacenment and/or stress/strain)
and/ or el ectromagnetic energy (e.g. light energy, radio wave energy,

cur r &he inifa) arangsmen el atonprip mose 3ifﬁ<3¢'2f0ﬂmyn®ecoadm‘lﬁ gomind! thstameaad pr ogr am

i nst ﬁHﬁE'Bﬁ’QPx and/ or data from RAM 506 and/or nonvol atile nmenory devices
504, and s)tore conputational results into RAM 506 and/or nonvol atile
menor y Tevirstteoniflkatidh e {hao gheafinttist (4 @6 Be dbihpeled PIf @0 58RFWIDH2 t O

oper at e, _on ig i nput i nmage based on any conbi pation of the method

enbotR e s Adedcripale Abhey Ane mighti Gopipute HigBinskion. rensidenthadmags conput er

syst @m. ; V. J ni : I €XAI0 t he i nput

gt iy LLPR e BR A LY kR B FRES B s P RPERL U< ng ¢ he
one #icertbraagh rat ¥ saisenid émiage §uds Ishowils tham otds qrroexmdptb ehighlizpht faubsf | nage may
be s |ied. to.computer syste 00, t hr.ough nmenory. nedi um such as di sk or
¢ apo oGS b BBk EPTHRY o THRIaCK P TROHUB BcHhismes g 030 30

PCTI US01/ ~8239 nenory devices 504. In this case, the input imge will have
been previously recorded



onto the menory nmedi um by conputer system 500 or by sone ot her conputer
system It is noted that the input inmge may not necessarily be raw sensor
dat a obt wione2d78p an acqui sition device. For exanple, the PCRUSIHERYe nay be
the result of one or nore preprocessing operations on a set of raw sensor
data. The one or nore preprocessing operations may be perforned by conputer
system 500 and/or one or nore other conputers. Furthernore, the input imge
may be conpl etely independent of s%psor data as in the case of an inage
generated by a designer using a CAD package. Figure 23 illustrates one
enbodi mrent (V0 of a method for generating a lattice of points that is
Pseud@ail kfaatts B ihfailect RIRELEnthEALE "B fallltfad PptBimhidBORrtidal, St ep 605,
~an inmage (e.g. an inmage of an object and/or process) may be acquired into a
| ocal dlynosicerslsagohildobisdioyizentalsliss nonvol atil e menory 504 and/ or RAM 50G of

co ter.system 500. 1n st 6 the i.nmage. _may,be,preprocessed to enhance
- or T eve it 1S ths HuE of Bupobipe E shAREGIRY 0 RoPRERhIEERE of 1y or oo
are sthefrogligdltdistatidecdhction 4(7® ThHederkas @gigbd methid Azt @prrefond sb@p 610 may
be omtted. (As nentjoned above, the inmage as acquired in step 605 may have
al r eaRtpiBBERfligapsecRiied & BmpeEpput Bedishipsbpgions comesppnd e 2pEYRAR i nvent i on
cont eﬁEJaﬂéee?fO&h;e 14 es2 Ml HlihBhnD bRE %%%lﬁ&lgt @SANLAULR rspic‘a@a' nation of

t echni ques r the preprocessing of step or exanpl e, e 1 nmage may be
subj eexplictly,obasedjendbe éotl afndet@ibwe obstrvednnfthe sesmicgmageubDistances aresf or mat i on,
nonlineay filteri hreshol di ng, etc,. The. preprocessing.may generate the
i mage® i FRdIETeft Borhp of e iaes ped b i P IR R e, he

Pr epr fefss iigal¥BYs SihahatdnoRembiRge to generate the nom nal distance
function d(x). The preprocessing rmy be automated or nmay be responsive to
user i npusene Fplicabienspthe, namingealistawce fhidjionidik) Hfa&dleLﬁpe@g‘ahdMipiﬂWegi ons of

| nt eroe:rscto it;n cgh(Fi itr;g‘%lev'el | nsinStzaia 0. 61§ér aolrat tijmge '(r)ntJi onilrgtes ﬁP Sriesegr%nt wth the
nom n4l BT S B T ERECHOR dg(xé3 uy e %% AT PaPH 2888 e e "< hace Spanned by

t he iyseihe.prddass indbitione theyctlsl maider ad whitl thy filionat(RpéscovdpufédBri t hm 3 or
Algorithm4. In one alternative enbodinent, the initial |attice consistent
wi t h RtemperipptalAspitated sbeve wacequwns ol thek thjs faichion e smepth 1endkay | attice
such RPd g.nectangul ar lattice or equilateral lattice by executing a nunber
of iteraltl ons of the lattice optim zation with scaling paraneter , (3 equal

t 0o zer oThéiceveud comphcadioniisl thasaf iamgnging\@t@Ry HOB WtBde RETFISYBOWIHSEBO of t he
lattice,. the distance bet n atons | he .ch lattice may be set equal
Lo ¢ RORR G P HO O maPe Qe ARAEE PUUETORs Y Ui URETECtr nat | ve
enbodi ment, the initial lattice my be generated froma cheap lattice by
execult:.i ?egre? eg%n‘glerengf iterations of the lattice optim zation with a nonzero
val ue’ For et ife"sears ng paraneter ,0, and with the distance function d(x)
replaci ng the inmage potential field b(x). In step 620, the initial lattice
of pothi Brefayediraninskimert, o hEy InXendion; YsahPs .al@ﬁéh%ﬁpx EPFERP NP of points
may begsettidls dPte RiloRinkaishfiocoal LAY ddsaitaR Mhis algtiteY 3RkGil. the lattice
may be triangulated to generate a space-tilling nesh, and the nmesh may be
used to execute a nesh-based sinulation (such as a reservoir simulation),

i mage cOAFARITEHM S INIRLIZE 4TSEURAABRILARFMAEE etc. |In some enbodi ments,
the optimzed lattice may be used by an application w thout the intervening
step of30§endnitielissgndmpgestike apanef hoslepnflage bk + dalsf ons, and scope The

exanmpl ego.pr oyLdad: aboMsydarBNRihate the utility of the nethod of this
invention in generating a lattice of points that is both pseudo-regul ar and
r esponsi%e taensteigt o engpty queuedif gioredites mage. The optimized lattice may have
vari ab'm:den&,bgaq thg?%EQJn@irE@tﬂe%eﬁtexSQQﬁé ag¥ 1o’k YL AP | evel of detail in the
i mge. The exanpl es have al so shown that triangulation of such a lattice
may yi el08 a whiledke fuekt ismgt mmpti {t hat is well aligned with i mage features.
The hi gy re P%re@o@%@%&th@eiﬂcﬁn%%e ke it a suitable franmework for
subsequent cohputations, such as the sinulation of fluid flow CQur

conbi naidi-on df xalies atithincihe toadivate bkuraln df the ihamde nay be used as the basis
for i ved 3| Lt hos . f C i1 0 h the exanpl es shown
aboverrg?ﬁ'i bi tasﬁtg%rhf}r?agg%h,e%%ge%%# %@g@&ég%ﬁv&h {ﬁﬁr\l}gﬂﬁ% ?@%gappl ies equally well
to 3-D inages. Were necessary, differences between 2-D and 3-D equations
and al gorithns have been highlighted in their descriptions. The method of
the present invention naturally generalizes to N-dinmensional inmages, where
N is any integer greater than zero. The inmages in the exanples were
uniformy sanpled on a rectangular 2-D grid. How ever, various enbodi nents
are contenpl ated where the nethod operates with alternate WO 02/ 7030




32 PCT/ USO LI 8239 i mage topol ogi es. For exanple, a 2-D inmage may be sanpl ed
on the surface of a sphere. Thus, in one enbodi nent, the nethod of the
present wWoOveArédn nay generate a pseudoregul ar |attice ofPEUUMISSE? such a
spherical surface, consistent with a distance function defined on that
surface, and then aligned with inmage features displayed on that surface. A
variety of topologies in various dinensions are contenpl ated. The net hod of
this invention has been presented %n terms of a minimzation problem It is
an obvi ous mat hematical fact that ]he m nimzation of a function f is
equivalent to maximzing its negative - f . Thus, alternative enbodi nents
are congeanpl atiedoriIEsfipled Susld@thd HRe@PLHY=ZAlIiOoN operates by maxim zing a

- conposite function conprising a conbinati-on .of a first function of

i nter-at8ni c difet dheeswplesdesideche pbers set@(Xk=teteons) in a lattice and a
second gyuncti on,@fn POShibnOeh QordithBesl@ks teQsP0i Nts. Al though the

" description above contai ns many speC|f|c details, these should not be
construdd: as | iappendnigeal sdesderoasem geishbpss torphe end dithe Reeubier, they nerely

provi degpl | ustyations of currently preferred enbodi ments of this invention.
For exanpl e, the sinple polynom al pair-w se potential function could be
repl aced4wi t it anot her function having similar properties. Likew se, a

vari et yg,of gorithms may be used to initialize a lattice of atons, in
addition to the two algorithnms presented above. Thus the scope of this

i nvention should be determ ned by the appended clains and their | egal

equi val The srray ay(e rinitiatiredoin kitre3Mxiareptemspondry emrb dirreom withpdimensleds above.

conputh Crr bl 1ol I o Bl ahubdRaPe bl ce of

poi ntas thBahre’ @BRREISDY €BY slg@Sthin) @MeNesdiinBine 300 ahsudeOitaflodatiBi@eso Where N is
an integer glreater t han zero, the method conpri si gg: initializing said

| at t ieerked walhpet pomerked again. s dndbe prsferred pmbodimented thiy invention e

opti ng.zi i I i i i . i oyposi te

f unctrglI %dk%%P %ggg% %agjﬁé %:sg%}a ?ﬁﬁggt)eéssg%F %géaﬁ’éagi&%ﬁ‘??? ﬁ%ﬁ?&@ﬁ? %@?‘Zﬁh@o%osi te

f unctsodhati 10 addikomphhethary idrenairédo Figire 8 showsin éxangile ofthefarpgiw(xiy se

di st ances, he en sai 0i Nt s nd second fupction of sanpled val ues of
sai d QOWR@}EG%n'I@EF esraqnan%os%mag?e %ﬂﬁgﬂwmfg‘f)&?df_li’é@de 8pti m zed latti ce of points
i's usablfeht GraRR 6L IPFIRAS fsQenfeldliitadn £BmObcARid! 96EESs Anpktat ed with
said image. (2) The nethod of claim1, whereby weights in said weighted

conmbirigrdrtipnalrie theoelan of shd nomivek distades funstioe dizonat it ptagullagationy of sai d
latti i | n [ ESRONSI Mot f sai.d lattice to said

f eat uﬁ%sc%tggg?%%lgﬁéglg?aﬁ%)% Elhﬁggcr?%"t%(%ﬂﬂ% ydé; I(%ftit}gr}ﬁS fisgP'ﬁlgtrﬁ'efrBy 5%?1("5}115& ng
generthtsifagoatspadsss thdd omg wegsdimitrsomet diems$ at thecCipittsll 1436ice1ts be clbger The net hod

of claim 3, . wherein the.nesh conprises. N di nensi onal sh el enents, the
met GBS theR hepsring] dga Hef %ﬁiﬁgf aflteh%‘"ﬁmmngo@ahgﬁw gomsrvill subset of
sai d JyEshthe! SHBNWe dBRImMRATRb A MAILALH Hal RhOfachRUP LA B §%1gLpdeRFRONdS to a

boundary
regular lattices consistent with smooth nominal distance functions- d(x).

The ideal sites in line 312 are the locations of atom neighbors in the regular lattices
shown in Figures 4 and 5. (The distances to these atom neighbors are not scaled by
4.) Therefore, for constant d, Algorithm 3 yields a regular lattice like one of these. For
non-constant d(x), it yields a pseudo-regular lattice.

In any case, the processing of ideal sites placed in the queue causes the lattice to grow
outward from the first site placed in the queue. Therefore, the first site acts as a seed
from which the lattice is grown. Line 304 of Algorithm 3 chooses that first site to be the
center of the image. Alternative seed locations may be used. For example, if a mesh for

simulation of fluid flow is desired, then the locations of one or more fluid sources may be



bet ween regions of interest in said image. (5) The nethod of claim1,
wherein said initializing enploys a distance function that specifies, for
each poiwO0247&@i d | attice, a preferred distance from saiRCTBSMH8I3A sai d

| attice to other points in said lattice nearby said point. WO 02/:17030
34 PCT/ USOL/ ~8239 (G The nethod of claimb5, wherein said initializing the
| attice of points conprises: reading a first tentative lattice point froma
gueue; examning a first nei ghborh%od around said first tentative lattice
point to determne if none of the Tattice points in a current state of the
| attice is contained in the first neighborhood; and if the first

nei ghpea hoaddaROERWIA JRENRRE, ADSndtRdridxEBpROb RESerl-HE-hhf Jf Wak§ed inSt at e of

- the lattice, executing an update operation conprising: adding the first

t ent athievaageamey de seple¢tad as the gsed jogetignse, and appending new tentative lattice
poi nts e, [ i W i.ve dattige i.nts..are assigned
* coordi ngﬁ?’aﬁn%g% ?#b %glnlgl I\’gg—r&r re:dslggﬁegpg%&f%/ t%ﬁﬁé@%% I}?/éaréége& ar gi%%iaftuimc-’:lgl wth

I espelattide @rdab@l Gding Aldoitliratd amel thatdohGeal Pkt sxice Eanktioheshawa tim Fggrd WNcti on. (7)
The nethod of claim6 further conprising; storing one . or nore seed points

on t hWhile st ofibe taprgescd rismertophihegindial Jattics dirs dughdk s9gukarnbleand

condi P@n& I i 3 t td ks sai d space
is fi‘{0 é Le%e)lﬁéﬁye%%?%%%t% gtg% %rg?%ivﬁeérogr%nmggitﬁ ﬁ?atnlﬁg% i%g%rngfet he lattice
of paoiontex lodingfrths &stticapdots Pueldtiegolap Giiartgtes tneastiednéshtiouadariss mpgysi t i ons

sanpl ed by said image, and whereipn a probability of adding a point to said
Iatti%‘@p&tbeo‘ﬁ’éo%‘fl 1%%}?%3%%%13%‘%8@?!{% ons is determned by the distance
function evaluated at said one sanpled position. (9) The nmethod of claim1,

wherejn saj.d optimzing the lattice of said points conprises conmputing a
val ueM(g‘fm?'%ﬂ‘ée ?’%OSC{E“F nction, wherein said computing the value of the first

functjon conprises: evaluating a functional format inmge sanple positions
in a Meplemmativromabestimgnt oftthis daveptiomuses gn gpixehndifferent algontdun fo5 g6l ues: WO

02/ - %ZQ&&}; 5@&&%01718%%931 JXtices. The following pseudo-code listing describes this

algorithm in detail.

ALGORITEM 4: INITIALIZE A PSEUDO-RANDOM LATTICE

401:  construct an empty list of atoms
402:  for all x sampled by the image {
403: set d = d(x)

404: if 2-D, set p = 2/+/3d?
- 405: if 3-D, set p = 2//2d°

406: generate a pseudo-random number r, uniformly distributed in [0:1)
407: if r < p, add atom located at x to list
408: }

Line 404 (for 2-D images) or 405 (for 3-D images) of this algorithm computes the
nominal lattice density p, corresponding to a value of the nominal distance function d(x).
In a 2-D space, lattice density is inversely proportional to the distance squared between
atoms; in a 3-D space, it is inversely proportional to distance cubed. The constants
of proportionality 2/v/3 (line 404) and 2/+/2 (line 405) correspond to the ideal lattices

shown in Figures 4 and 5, respectively.



addi ng the local function values to corresponding sanples in an array repre

senting an atomc potential field; repeatedly perform ng said eval uating

and sai aw@ddi#mpof or each of the lattice points; conputi ndPEAUEEIE

potential field value corresponding to each of the lattice points, based on

one or nore sanples in the array representing the atom c potential field;

and adding the atomc potential field value for each the lattice points to

determ ne the value of the first fggnction. {10} The nmethod of claim?9,

wherein the functional formconprises a function of distance fromthe

| attice point divided by a nom nal distance function evaluated in the

nei ghboLéttioed dadsitly e theaprobatdlitychat an 4tbi) exidte atmmiyniocativin saivalath Hy, theher ei n sai d

~optimzing the |attice of said points further conprises conputing
der i VeeBY ddnesr406angd 485#5%%?%9@3%1@% emel?eé%fﬁgg adbanaf Bt ihea o spati al

coor dhtk Gyt that Hrbh ! DnishlforfifkCldt BhlhoARaiPR SHlaSSiAle k2! ues for

" said spatial coordinatesS of sard points based on sai'd derivatives. (12) The

met hgenehtiog aipseutlo-rahdone nnmbheunifoemly distribubes! i the mterkl Pallye al ong at | east

a subsef, of sajd features. in .said.i mage 13) The nethod of glaim 1,

wher ei n&‘{”ﬁéjs?‘hdé’gr@ng?lf]ﬁlg?éltfémr‘?ﬁﬂ%‘fr {?@tgﬁli%%aﬁ’g t PFR °s"feg§1a§ %t of said

f eat 8 3.t SBotkehBMES - inifiall hittidds ER¥RE ESmpleRRleiFBIRbSE, Wikth Aok 6fhe gener ati ng

a representation of an object for sinulation, the nethod conprising:

obt ainiefageddireatiggeonplangss! spmetry exlibitedby piengo-reaguler datbigesoPDepesidnt s in a

spac ed by the.i. , J{USt | tions of the points in the

spacgn%%%gpr@rxgﬁﬁ’%g%?%%)%?%’eﬁ‘l&lz%%%%’%%%g?te function of spati al

coor di ndhfastuabtelyne mwoudd-syndomMHEAP [afO30is RigHi0dutd?2 3%oBE imfsattean t he

conpgsjte function is a weighted conbjnation of a fi fupction of

pair 8%“&9% eab‘g{ta‘?fbé‘%"%flﬁ@éﬁgrt“hé" | FPges TR @t f%’é“édﬁ%‘ruﬁf‘r‘i@t ﬂﬁﬁu sanpl ed
val Uggn®fm pALiEk" IPYERRS. the points; and wherein said adjusting |ocations
one or nore tines produces a final lattice of points that is usable to
gener at Bigareri@showoa meshnedrrespandingfto a pseuwloesndas sutialdetdide generptedifod obj ect .
(15) ,Jhe.net hod of .cl aiim el ai d gbj ect,. conpri ses_an der ground
resertb%Fer‘sngF Yo BFmﬁD%r]%or%ﬁxBi 4\32@{}]%%] e gslchnists aénsglf:?rﬂlcé)f] 'f’%t gtcoléﬂri ses a

si multaé hehingf distascd huBioafshewn th Fipute dsit Rasgdy DPegair Gwitlslany {ridaslefhe net hod

of claim 14, wherein one of said pair-w se djstances corresponds to one

pai r that argifyy fremenuidatpisd nhastico prbimigalian wilk makehis peguderandemainititl conpri ses a
rati i . .St ; of i L Jattige points
and (Bsmky etk BRCRIPELIRE ROl PR RS iioltiols) fiakh opfimiistioh of

nei glihepseoddreguldrhinitiphlatticsf shown tin Fgupodnts. ( 17) A conputer-i npl enent ed
met hod for generating a lattice froman inmage, the nethod conprising:
initializing a lattice of points in at | east a portion of a space sanpl ed
by t Hettivagetimizatia usting | ocations of points in the lattice of points in
t he space one or nore tines to converge towards an extrenmum of a total

pot erMhedhttip @pgiynizethaswes Btchad th Awimiialplattenttoadbt&ifemgyptioiael latis. a
conbi_nation of an atom c_potential energy of the lattice_and an i mge

pot eR °BF sebrfl egipodiments thepptimiged \‘/ﬂ*iEFeeiSﬁmﬁh Eegulps gad gerre slignad Wby gy i s
conpybed, fhQmd fifin! (RARIHAD NS AKALT HAs Odtolden 18 LbERAGIMFe and
wherein said adjusting |l ocations one or nore tinmes produces a final lattice
of pdirmaveytirom imsgeufsailvires tend dowsadea psdfudpmegulastastue ithatedspaitsithe he | nage.

(18) _The t hod qf clai 7..Wherein the i,ma ential .ener conprises a
Sum BPREA 31 S e PR Rt Tl Toa RS RO PACOPFERY TRt ues and
wher ghde ¢atlire®f InSatiobhdr BBOST epMobithdn@d, the Ehtinital URECCRHOESRETIES ahd an
eval uation of an image potential field at one of the lattice points.

more rarefied along the mage features than the initial lattice. The lattice optimizer uses

commonplace computer software for minimizing an arbitrary function of many variables.

The lattice optimizer applies this software to minimize the lattice total potential energy,

which is a function of atom coordinates.

Various choices for the generic function minimizer are possible. In the preferred



(19) The nethod of claim 18, wherein the inmage includes features of
interest, the nethod further conprising generating the i mage potenti al
field byworaaaee®i ng the i mage so that the inage potenti alPGT/B$Md/482¥ai ns a
first potential value along one or nore of said features of interest and a
second potential value away fromfromsaid features of interest. (20) The
nmet hod of claim 19, wherein the first potential value is a maxi num
potential value. (21 ) The nethod of claim19, wherein the first potential
value is a mninmum potential value. (22) The nmethod of claim 17, wherein
the atom c potential energy conprises a sumof atom c potentials for pairs

of sadmgbddahéite e iBé BieSlimitéBinemidey Bedydes Fifichet-@oldfab-Shelaas ¢L/BRER) at omi c
- potential for one of said pairs of said lattice points is a function of

nor maRiniiger | (SeanereesEpie Eyrd. e BoNecedal,. ¢ apd Srhpabel sRoBuwhiapessen-t he

nor L i j : E]BPJL ' [ bet ween

"t hengé&hé]?soﬁ@%ﬁlg&gtglﬁ?&%%es;%ﬁo%a lj@%ﬁ%éﬂgj’ftéwap%om n%%dgtgetﬁg@(é?unct i on.
(24) RéprimdiAMdd3pNoethaesterh3Uhiveisiigr Deparpmérs i of gElectnipalt Bngineeting andage t o
generate a sgo,ot hegg(?ip e; WS_E{L ning val ues to the nom nal _di stance

f unctYIRPHES BeleRs APy doio Pt atiyp BraigPlodgdooR B8V SR RABRdE Jof cl ai m
17, il ek SRS 1@ 19BPeKahdtned RerlBiodly Va0t eruhitie addalddagigalof poi nts,
wherein the mesh is usable to encode informati on associated with the inage.

(26) denieaiiess hindtsofearch doma 28pinfugy.t her conpri sing performing a sinul ati on of
a physi gal Ss_using the nesh. 02L17030, 38 PCT/ USO1/ <8239 (27) The
et hoa e LPERGS St derifes TR compies BRBHAL Bt EFEE ST RV 0ot it | on
(err)tfons th& fheBnethWb®bReofjugtte dhgdidtts MnotHe welkhédm aReiody HoMamsieine B is the
i mge potential energy, and wherein coefficients (err) and (err) control an

ext erpddifongbaiempynrgnuisediis insigpificyntovhengognpagad; vitl thermeyapnyt reqwiredior espect to
f eat i I t r -1 f i hce of

poi n't%l.g éf%)ah%g%%?ﬁgggg??%ltgg%&??f fq %crht ﬁgw"gﬁ%‘%&gﬁg?&g‘%‘gﬁ ish(r%g a series
of i raiges towmhgopatibloenerg)) is sigaificartlyi mbiezdosidy almeh Hatj athén cugnprtatéansh of sai d
! rmgepsérgopmescﬁ Ibg tﬁee rnllirexi%nizer. Therefore, the L-BFGS minimizer is well-suited to this

invention.

Preferred embodiment

The preferred embodiment of this invention uses the following algorithm for lattice opti-

mization.

ALGORITHM 5: OPTIMIZE THE LATTICE

501:  get the initial lattice atom coordinates xi,x2,...,X,
502:  construct a potential energy computer

503:  construct a minimizer

504:  compute the initial lattice total potential energy P
505:  do {

506: set P, =P

507: randomly perturb x1,Xs,...,%5

508: do {
500: set P, = P
510: let minimizer decrease P by adjusting x1,Xa,...,Xn

511: } while P, — P > ¢|Fi|



to generate a corresponding series of final lattices. (29) The nethod of
claim 17 further conprising: acquiring subsequent- i mages; encodi ng

di f f er enev@s02r41030he subsequent images using the final | attRCEUS/42IONtS tO
generate i mage codes; and transmtting the i mage codes onto a transmn ssion
medi um (30) A conputer-inplenented nethod for determning a lattice of
points suitable for a simulation, the nmethod conprising: operating on an
imge to generate an inmage potenti field, wherein said inage potenti al
field attains an extremal potential value along features of interest in
said image; initializing the lattice of points in a region of space
correspnndi Ngwhike poaj_gb;@]@ge; and repeatedly adjusting |ocations of said

- lattice of points in said region to extrem ze a total potential energy,
wherein said total potential energy conprises a conbination of an atomc
pot ent i ahisetgrighmaiegingat lipg sl wivh sptinibip! laphigeqy atomsygyahgs_thy psegdo-

- PCTI [ = 9 ) . t o i 1 a sum of
ot o Sona: Bar oSty kol 3 AThE pRAEbAEm BRALCrEATRY HERR, T oo

pot engoridhmeheligthen qilipe 562)s cansruchsof potenige gneteyndongiuser, assgomditde éorn each of

sai d i mage, entials, carresponds tp. an evaluation o he | ma otenti al
Pl ompimE e Sl ppennnl b B aad 1 P eiate Ui el 389 her o o
sai d Qpefaits AmAAmIAL WhiblS il ra@fgghet PotgRig  Abfryt enput@ o Raheptial field

conprises detecting edges in said first inmage, and wherein said features of
i nt er(@onsteenion) of dhe dgtantiah exeagyl coinputer pnddgbe nig@izeTHeclndastadldcagfonc| ai m 30,

wherei.n _sai d operating.on said ina to..qgener the,, €00 tial field
conpr(?fsné%n:aé)r?’aaentl %ﬁhﬁ%n B8t e b(? %?r‘{%réar et anldﬁgat%heg'?i #a%g @i@%?”gﬂi ng a first

constmiipuvalthie tétal pétentidirgergpdt entliedhitial Ridceat first spatial |ocations
corresponding to at | east a subset of said features of interest; and
assi gni MYe derauipeey P tom alegHthny spmprises WA deptsd deonsotldatinear leorbeginit second

Spat ixfthg LOSR J0R ks BRL mERIGAP BANL (0 alfla S8k BANIES. Ol HIREREL: (33) The

met hod of claim 3 reln sa Irst constant val‘lie i's" a maxi mum val ue of
sai d thedgtl potestiali alerdyi £l dl'hi§ Bbp chntinmastuntidl thé dedredsenii8 2, bedomesimm sai d first

ot hOURAARh e lelesRiHORE P Sk TBol o TR S0k & PRISHLVEEGENEr atc the
i mage potopnt i al field further conprises smoothing a first version of the
| TRge pl%gc%lrittlhiili the total potential energy is a function with many local minima. The
inner loop begins with the current atom coordinates, and tends toward the minimum
nearest to those coordinates. We have observed that this local minimum may have a
total potential energy larger than that of another minimum nearby.
The outer loop beginning at line 505 enables the algorithm to move from one local
minimum to another one, until the decrease in total potential energy P is insignificant.
The random perturbations of atom coordinates in line 507 are small, typically no more
than 10% of the nominal distance d(x;), for each atom location x;. We use a commonplace
pseudo-random number generator to compute these perturbations. Subsequent iterations
of the inner minimization loop typically yield a significant decrease in total potential
energy P.
The inner and outer loops in Algorithm 5 use the same test for convergence. Both
loops terminate when the decrease in total potential energy P becomes insignificant.

Alternative convergence criteria are commonplace in numerical optimization, and our

choices here are not important. For example, one might terminate these loops when the



field, generated by said assigning the first constant value and the second
constant value, to obtain a second version of the imge potential field.
(36) Thewgedzhwaoboof cl ai m 35, wherein said second versi on BET/UBE/482¥ge
potential field is used to conpute the inage potentials for a first set of
repetitions of said repeatedly adjusting |ocations, and wherein said first
version of the image potential function WO 02/.t7030 PCTI USO1/. 18239 40
is used to conmpute the atomc imagf\6 potentials for a second set of
repetitions of said repeatedly adjusting |ocations. (37) The method of
claim 30 further conprising: randomy displacing the | ocations of said

lat t i gexifunPOhddls i BtofPbsbr@BaGS is BRALRLESRE MrBGotul tiple iterations of said
- randonml y di splacing and said repeatedly adjusting to obtain a succession of

| ocal eXigueerdl ghowhéhe oisalt qfoindimiziag thedritigl p{e8&)-regmiar ettivedonthec| ai m 30,

wherein said initialjzin Loys a dis ce function that specifies a
 pr of oPuiS tmageanbe® thé ake TS pErh PR et Reve e A MIPRLIRIIR < near by
sai d pRigh feat@aglahREE hRapRod iRbeS featued. Riedlitsyastiors(4), Whidk biasd thit | ocati on
in said region. (39) The nethod of claim38, wherein said initializing the

| at t i B total potential energng ip agvaighted swp & atomipppd dwage petgplisl pogrefep st

tentaf] I int, f L fXamrhni I - Nel ood around
sai d 11 5 CRE R o DB R P GETTHE ity bE T B IREEE 0 Pood
cont aboth highlyp eégnias (afais,agnbrirgt triangles acud thé cdrivex hull of thedbtpideqroie)d cont ai ns
no points of said |lattice, executing an update operation conprising: adding
t he f‘?“}ds‘f’elﬁ‘élfﬁ“é?i“\%@ ‘Pé?tgﬁg‘@éurﬁ%i nt to the lattice, and appendi ng new

tentati ¥ |ndlded GRIRGIAN & Jrdw RoafltEU 8 mih Betistrub Bl HerRW LIRMEE feke | attice
poi nts are assigned coordinate positions corresponding to an exactly

r egul iberationst ofclgoiitthm Seusiar o slighthheméothed version af ithe ilnagea. | Thespdirsit and t he
di stance,.f uncti.on 40) The nethod of .cl.ai 9.further co I sing: storing
one. obeRip Eaug oateipmels S Bl Srt R et PR RS, &
r eadi i@y afXESI fai gayftemGonAl tdtaealoktics e Atdrhi gret dieractpd aicialdp es el ON unt i |
t he subset of said space is filled., ) . ) )

smoothed features, and then, in subsequent iterations, to high-resolution features in the

original unsmoothed image.

Curve and surface extraction

In a space-filling mesh, curves (in 2-D) or surfaces ‘(in 3-D) appear implicitly. For ex-
ample, in the 2-D mesh shown in Figure 11, any contiguous sequence of linear edges of
triangles represents a curve. In a 3-D tetrahedral mesh, any union of contiguous fria.ngu—
lar faces of tetrahedra represents a surface. Of course, most such curves or surfaces are
not interesting, because they are not aligned with image features.

Figure 12 highlights those edges of triangles that appear to be most aligned with faults
in the seismic image. The edges shown here were chosen simply because all image sample
values beneath them were below a specified threshold (-0.2). No attempt was made to
force connections among individual edges. Nevertheless, many edges are connected and
do form continuous curves.

A space-filling mesh facilitates more elaborate curve or surface extraction algorithms
than the simple thresholding used in this example. As one consequence of this invention,
we anticipate the development of new extraction algorithms. In contrast to extraction

(or segmentation) algorithms commonly used today, these new algorithms will produce




WO 02/:47030 41 PCT/ USOL/ ~8239 (41 ) The nethod of claim 39 wherein the
first nei ghborhood around said first tentative lattice point is an

N- di menswone/47isal | wi th di anmeter proportional to the di sStRETESTWAZIN on
evaluated at the first tentative lattice point, wherein Nis the dinension
of said space corresponding to said image. (42) The nethod of claim 30,
wherein said initializing the lattice of points in the region of space
conprises: conputing a |local probabjlity value at a candidate position in
the regi on based on a distance funttion; generating a random nunber val ue;
determining if the random number value satisfies an inequality condition

W N LRSREE GulfReeh Eﬁaﬂaﬁﬁa@é thBQQ&QiskéntMnéhaé Hfface- ﬂﬂﬂﬁ‘iﬂé%ﬁ' tionally adding the

* candi date positio tice of point's If the random nunber val ue
satisfies the inequality condition with respect to the |local probability

val UeAlt(eflﬁﬂtJé‘%gsr@?cEQ%ﬁdoxfueEﬁ@s' m 42, wherein said initializing the lattice

~of points furt com prises: novi ng the candi date position through a set
erform n aid

corpu g PR R AR e P PR ML AR e yRELoRHG F6 e each o

sai d iriRgrtPRsdgk ifQGres.( #f jonld Situmtionsdt af de@iraim@@neavm bedudotrBgulHonbi nat i on
is of the form(1 - ,~)A + ,~B wherein Ais the atomc potential energy, B

is t Hétthﬁm@é’hﬁ@taé?mﬁ are eepelfedyfrom itapasteatales parameter (err) takes any val ue
in the é@t&lgg lit'ﬂlgmnza.?rl% 519543@@? usfﬁgltﬁél ¥ Itntlzgﬁgﬁ jggbqgslﬂ}%[ g'%thoihecga?dem 30

further nprisin rirangu Ice o generate a nesh
from ettbmml p@ﬁentﬁ;ﬂ fuﬁcqnm hﬁtsmﬂhmar &nagespatdlttmgihldcﬂmp ra'tm a mmmmnmof mesh
elenen and rein the vertices of .the elenents agre the lattice
poi nt? ue (e\gooa\é\f];l@l%u%e features ang a mininum value Pe.g. Zero a.way%rom image
features. Figure 13 illustrates the result of such an optimization for the seismic image.
Atoms in this optimized lattice tend to line up alongside (not on) image features.
Figure 13 also illustrates a Voronoi mesh generated from the optimized lattice. The
Voronoi mesh is the dual of the Delaunay triangulation. Thus, atoms lie within mesh
elements rather than at the vertices of mesh elements. Because atoms in the optimized
lattice tend to line up alongside image features, the boundaries of Voronoi mesh elements
tend to line up on those features.
Voronoi meshes have numerous applications, including the simulation of fluid flow.
Often, Voronoi meshes lead to finite-difference solutions to partial differential equations,
whereas simplicial triangular/tetrahedral meshes lead to finite-element solutions. Both
types of solutions are widely used today. In both types, it is desirable to have mesh
element boundaries align with image features, because those features often correspond
to discontinuities in physical properties.
More generally, it may be desirable to create a pseudo-regular lattice of atoms that are
attracted to certain features in an image, and repelled from other features. For example,
it may be advantageous to place communication transceivers in a regular pattern whose
local density corresponds to human population density. It may also be desirable for
those same transceivers to be located in areas of high elevation (e.g., tops of mountain
ridges) and to avoid areas of low elevation (e.g., canyons or river valleys). Thus, an image

potential field may include maxima and minima, as well as intermediate plateaus.



PCT/ USCOL1/ ~8239 (46) The net hod of claim 45, wherein said triangulating the
| attice of points conprises performng a Delaunay triangulation of the

| atti ce o0 @oi7680s. (47) The met hod of claim45 further coPEF/DUS114§239
identifying a union of boundaries of said nesh el enments which approxi mates
one or nore of said features of interest. (48) The nethod of claim45
further conprising performng a sinulation on the nesh, wherein the

si mul ati on generates out put repreSfEnH ng a behavi or of a physical sys tem
(49) The nethod of claim48, wherein the physical system conprises an

under ground reservoir conprising one or nore fluids. (50) A conputer system
confi glaffod dehspiekne a lattice of points suitable for a sinu lation, the
* comput er system conprising: a processor; a nmenory coupled to said processor

or ovi S iohafe S G Eal 3R b e oL 4R BB B85 Gur ea 10

" read RBghetieaidhénck MRagd OGRBNGfia/Rin{anChebd OMBis digdthl Gaadh iSBRE YvaildBRr €i n, i n
response to_said _execution of the program.instructions, the processor is
oper alspB the Napipryl ddlrapnof Medivinggis Rast ofdha Viguel Hymagdgelesbt ential fiel d,
wher ein L1 OBEE #7QY ' fi : ' exd.r otenti al
val ues gfgg‘héglé eat ur@g Lgl?é‘% %%t%rr%@%égflﬁé nglb I ?ré;g%é,ég’i &ﬁ?{oﬁ%ﬂfﬁ?ee? ﬁteﬂal attice of
poi nt&igimal MREQ simpié aspael-knovn Esqrattdidge ehlansanehti algoythmawad usegheat edl y
adjust, | ocations qf said lattice of. points jn saj ion.to extrem ze a
t ot al hﬂ)‘BFéﬁ;Pf‘? n‘?ﬁe‘f‘n@ﬁ? TRRB e‘?sﬁ‘?é%l;tt? Wﬁpoﬁﬁﬁlﬁe?%?’&gﬁ%ﬁﬁ?m@&?ﬂri ses a
conbi grahisQvedfio@n atom c potential energy and an inmage potential energy,
WO 02/ 7030 PCT/USQOL/-18239 43 wherein the atom c potential energy conprises
a sum oFigareoh shqwst 2 mesh loptifiged fai akignpfent aiitth thetimage op dligwre 15:wher ei n t he

i mage, ential . ener conprises a_ sum.of inage potentials. and wherein
each f8$%seasleg n}l%ngaég%p%%{lgﬁtcg%t%&c%orn}l Ié%pd(?sr% scetfgn%%?ne é{fl‘jv ic%xﬁp o Qt e i mage
pot endmadthibg ¢helirmigeo €ominal Higtdnaé valaes RAEOESmM §& Mihivdund wiplit-es 16 @adabl e

menory medi um config‘ure,d to store programinstructions, wherein the program
i nst rAePgRsoH & 1éx dbgimpeescels thetpt sdemid-4

Figure 17 highlights line segments in the mesh that are most aligned with edges in the

image. The segments shown were selected using the same simple thresholding algorithm
that was used for the seismic image.

Figures 18, 19, 20, and 21 provide another example from medical imaging. Like the
image of the head, this image of a human torso is freely available from the National
Library of Medicine. Image processing and lattice optimization for this image is identi-
cal to that for the head image, except that nominal distance values here range from a

minimum of d = 5 to a maximum of d = 15.

Computer systems, memory media and a method embodiment

It is noted that the method of the present invention for generating pseudo-regular lattices
which respect features in a digital image may be implemented on any of a variety of com-
puter systems such as desktop computers, minicomputers, workstations, multiprocessor
systems, parallel processors of various kinds, distributed computing networks, etc. The
method of the present invention may be realized in one or more software programs or
modules which are stored onto any of a variety of memory media such as CD-ROM, mag-

netic disk, bubble memory, semiconductor memory (e.g. any of various types of RAM



initializing a lattice of points in a subset of space sanpled by an inmge;
and optimzing said lattice by noving said points to extrem ze a conposite
functi onwefed#iesospat i al coordi nates of said points; wher eRCI/ENIASETYNPOSI t e
function is a weighted conmbination of a first function of pair-w se
di stances between said points, and a second function of sanpled val ues of
said i mage near said points; and wherein said optimzed lattice of points
is usable to generate a mesh for sggrul ation of a process associated with
said i mage. (52) The nenmory nedium of claim51, wherein the program
instructions are further executable to generate a space-filling nmesh from
the |@tRONE. Ohrtheinidrs, tHeS3dnel BemoRNRUHivaie gidgiarad asd @k théZesutbehsi n t he nesh
* conprises N-di nmensi onal rnesh el enents, wherein the programinstructions are
f ur t HESReafemaY B teanswittesopner pyy af fema»reﬂtw of caéeernraaqha@@clbas epticabiiker, of sai d
mesh to a
' boundrg‘%tgﬂg%% gﬁ@?@@?%ﬁ%} 4 tﬁl%lugle | n nggpéf}g%d&g&%gf% %ﬁ%ﬂl@%tﬁa#or y nmedi um
of claidfeiSthe R/ﬂ‘lﬁﬁeépmbl&amﬂtchm teil@hoxze magweﬂrpl oys a distance function that

fi d dist t i d.latt t th
o nt s TR LSR5 At SRR 0 ScAp P Y RFRPeLs HRSEFE a f Unct i on
of | qpaldiase éeﬂex%@?oﬂ rrﬁa@ﬁ&ﬁof the MVefen® &lvedtidhB Cotfhulbss & 448QK00 489 3%kc14dko) The

menory nedi um of claim 54, wherein said initializing the lattice of points
conpré prsessereFiy, mrgena)rffl(e gt ransionnadcoss mamrwo’é)ﬁp@ndmr ponyplatileqmemery exanmi ni ng
a first. neé[gllinbor hood ar. our%ccl1 sai dwél st tent dgat“%{% g‘é nt to determ ne
it t KV S e R B TR S CEREE WS A BaToe 158 SR ON%Wd i f the
firstmoRiigieladetRAtes 1Y, aHise EnRRAbIK absistehad iHlayt Bé tritGConRYRE la&éow an updat e
operation conprising: adding the first tentative |lattice point to the

| at t iiB@ to AR ohpyereiyef qeafiguratiens: iNcavelatilej memeyyi deviges 804 mey du@dide wher ei n
sai d PGWed &I&h%'t\égn'dﬁ%é %Fskpc&waé Sseﬁiﬁ%né‘&%&gﬂéﬁa BP%@MG?@S)?E%W”S

correspondi ng t exaétly regular Tattice wth respect first
t ent ateivices bG& Mayentpiudentle\amsl mbbamaﬁteabmdfmmseg digitifi® pad,hizackbaibr y medi um

of clai m 54, wher a n|t| the ] attice. o oLnts com prises

r and SRS %?B%}FIH'QPB@@H?ZO&"&I% E‘Wc viges Bjé)sinfl?'d?fguie I‘céfis‘b@‘ ¥ai d i mage,
and Wh&tifhd) ;ﬁoﬁ&t@mmehd-mbuﬁ{edadigﬂlm, étcp%tmfaéeociewfey 51 Ridab IR Rhsgne of said
sanpl ed p05| tions is determ ned by the distance function evaluated at said

one ofredtd apqyhipdiedial p@@‘etdaémﬁom(@wrnme peaisitjorndayicgsraed/oc frafner®1,  wher ei n
sai d optérm 51{1 the lﬁez%gtl Ge . dsex"?i!:edst 0l n%ane%rv@ ises repeatedly conputing a
val ué ot 't he (SEPHRIMEt on, grern sar conpu “ing the value of the first

functi oAng emwm@ of emils-iabn devices imbyCiid wsaaldeperidingddn thvRgPe 5ROHIL® pOSi tions
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and/or electromagnetic energy (e.g. 11ght energy, radio wave energy, current and/or
voltage).

Processor 502 may be configured to read program instructions and/or data from RAM
506 and/or nonvolatile memory devices 504, and to store computational results into RAM
506 and/or nonvolatile memory devices 504. The program instructions direct processor
502 to operate on an input image based on any combination of the method embodiments
described herein. The input image may be provided to computer system 500 through
any of a variety of mechanisms. For example, the input image may be acquired into
nonvolatile memory 504 and/or RAM 506 using the one or more interface devices 512.
As another example, the input image may be supplied to computer system 500 through

a memory medium such as disk or tape which is loaded into/onto one of the nonvolatile
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In step 620, the initial lattice of points may be optimized by Algorithm 5. The

optimized lattice of points may be used in any of a variety of applications. For example,
the lattice may be triangulated to generate a space-filling mesh, and the mesh may be
used to execute a mesh-based simulation (such as a reservoir simulation), image coding
algorithm, signal analysis method, etc. In some embodiments, the optimized lattice may

be used by an application without the intervening step of generating a mesh.

Conclusion, ramifications, and scope

The examples provided above demonstrate the utility of the method of this invention
in generating a lattice of points that is both pseudo-regular and responsive to features
in a digital iniage. The optimized lattice may have variable density, conforming to a
spacially-varying level of detail in the image.

The examples have also shown that triangulation of such a lattice may yield a space-
filling mesh that is well aligned with image features. The highly regular elements in this
mesh make it a suitable framework for subsequent computations, such as the simulation
of fluid flow.

Our combination of a lattice framework and an image may be used as the basis for
improved algorithms for feature extraction.

Although the examples shown above exhibit 2-D images, the method of this invention
applies equally well to 3-D images. Where necessary, differences between 2-D and 3-D
equations and algorithms have been highlighted in their descriptions. The method of the
present invention naturally generalizes to N-dimensional images, where N is any integer
greater than zero.

The images in the examples were uniformly sampled on a rectangular 2-D grid. How-

ever, various embodiments are contemplated where the method operates with alternate
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tion of a first function of inter-atomic distances between points (i.e. atoms) in a lattice
and a second function of positions of the lattice points. '
Although the description above contains many specific details, these should not be
construed as limiting the scope of the invention. Rather, they merely provide illustrations
of currently preferred embodiments of this invention. For example, the simple polyno-
mial pair-wise potential function could be replaced wit}; another function having similar
properties. Likewise, a variety of algorithms may be used to initialize a lattice of atoms,
in addition to the two algorithms presented above.
Thus the scope of this invention should be determined by the appended claims and

their legal equivalents, rathef than by the examples of embodiments provided above.
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image;

optimizing said lattice by moving said points to extremize a composite function
of spatial coordinates of said points;

wherein said composite function is a weighted combination of a first function
of pair-wise distances between said points, and a second function of sampled
values of said image near said points; and

wherein said optimized lattice of points is usable to generate a mesh for sim-

ulation of a process associated with said image.

(2) The method of claim 1, whereby weights in said weighted combination are chosen
to balance a desired extent of regularity of said lattice with a desired extent of

responsivity of said lattice to said features in said image.

(3) The method of claim 1 further comprising generating a space-filling mesh from the

lattice of points.

(4) The method of claim 3, wherein the mesh comprises N-dimensional mesh elements,
the method further comprising identifying a union of boundaries of a subset of said
mesh elements, and wherein said union of boundaries corresponds to a boundary

between regions of interest in said image.

(5) The method of claim 1, wherein said initializing employs a distance function that
specifies, for each point in said lattice, a preferred distance from said point in said

lattice to other points in said lattice nearby said point.
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examining a first neighborhood around said first tentative lattice point to
determine if none of the lattice points in a current state of the lattice is

contained in the first neighborhood; and

if the first neighborhood contains none of the lattice points in the current state

of the lattice, executing an update operation comprising:

adding the first tentative lattice point to the lattice, and

appending new tentative lattice points to the queue, wherein said new
tentative lattice points are assigned coordinate positions corresponding to
an exactly regular lattice with respect to the first tentative lattice point

and the distance function.
(7) The method of claim 6 further comprising:

storing one or more seed points on the queue; and

repeatedly perfoming said reading, examining and conditionally executing the

update operation until the subset of said space is filled.

(8) The method of claim 5, wherein said initializing the lattice of points comprises
randomly adding points to said lattice at positions sampled by said image, and
wherein a probability of adding a pdi.nt to said lattice at one of said sampled
positions is determined by the distance function evaluated at said one sampled

position.

(9) The method of claim 1, wherein said optimizing the lattice of said points comprises
computing a value of the first function, wherein said computing the value of the

first function comprises:

evaluating a functional form at image sample positions in a neighborhood of

a lattice point to obtain local function values;
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] rrvrr’s}saB ad@i&@ the local function values to corresponding samples in an array repre-

senting an atomic potential field;

repeatedly performing said evaluating and said adding for each of the lattice
points;

computing an atomic potential field value corresponding to each of the lattice
points, based on one or more samples in the array representing the atomic

potential field; and

adding the atomic potential field value for each the lattice points to determine

the value of the first function.

(10) The method of claim 9, wherein the functional form comprises a function of distance
from the lattice point divided by a nominal distance function evaluated in the

neighborhood of the lattice point.

(11) The method of claim 1, wherein said optimizing the lattice of said points further
comprises computing derivatives of said composite function with respect to each of
said spatial coordinates of said points, and determining an updated set of values

for said spatial coordinates of said points based on said derivatives.

(12) The method of claim 1, wherein the image attains a minimal value along at least a

subset of said features in said image.

(13) The method of claim 1, wherein the image attains a maximal value along at least

a subset of said features in said image.

(14) A computer-implemented method for generating a representation of an object for
simulation, the method comprising:
obtaining an image of the object;
initializing a lattice of points in a space sampled by the image; and

adjusting locations of the points in the space one or more times to extremize

a composite function of spatial coordinates of the points;
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wherein said adjusting locations one or more times produces a final lattice of

points that is usable to generate a mesh for simulation of a process associated

with said object.

(15) The method of claim 14, wherein said object comprises an underground reservoir of
one or more fluids, and wherein the simulation comprises a simulation of the flow

of said fluids based on said mesh.

(16) The method of claim 14, wherein one of said pair-wise distances corresponds to one
pair of said lattice points, and wherein the pair-wise distance comprises a ratio of
(a) a distance between the points in the pair of lattice points and (b) a value of
a nominal distance function evaluated in the neighborhood of the pair of lattice

points.

(17) A computer-implemented method for generating a lattice from an image, the method

comprising;:

initializing a lattice of points in at least a portion of a space sampled by the
image; and

adjusting locations of points in the lattice of points in the space one or more
times to converge towards an extremum of a total potential energy, wherein
said total potential energy comprises a combination of an atomic potential
energy of the lattice and an image potential energy of the lattice;

wherein the image potential energy is computed from the image and the loca-
tions of the lattice points; and

wherein said adjusting locations one or more times produces a final lattice of

points that is usable to encode information associated with the image.

(18) The method of claim 17, wherein the image potential energy comprises a sum of
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said features of interest and a second potential value away from from said features
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of interest.

(20) The method of claim 19, wherein the first potential value is a maximum potential

value.

(21) The method of claim 19, wherein the first potential value is 2 minimum potential

value.

(22) The method of claim 17, wherein the atomic potential energy comprises a sum of

atomic potentials for pairs of said lattice points.

(23) The method of claim 22, wherein the atomic potential for one of said pairs of said
lattice points is a function of normalized distance between the points in the pair,
and wherein the normalized distance equals the ratio of an unnormalized distance

between the points in the pair and a local value of a nominal distance function.
(24) The method of claim 23 further comprising:

smoothing the image to generate a smoothed image; and

assigning values to the nominal distance function based on values of the

smoothed image.

(25) The method of claim 17, further comprising generating a mesh from the final lattice

of points, wherein the mesh is usable to encode information associated with the

image.

(26) The method of claim 25, further comprising performing a simulation of a physical

process using the mesh.
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(28) The method of claim 17 further comprising:

acquiring a series of images; and
performing said initializing and adjusting on each of said images in said series
to generate a corresponding series of final lattices.

(29) The method of claim 17 further comprising:

acquiring subsequent images;
encoding differences in the subsequent images using the final lattice of points

to generate image codes; and

transmitting the image codes onto a transmission medium.

(30) A computer-implemented method for determining a lattice of points suitable for a

simulation, the method comprising:

operating on an image to generate an image potential field, wherein said image
potential field attains an extremal potential value along features of interest in
said image;

initializing the lattice of points in a region of space corresponding to said
image; and

repeatedly adjusting locations of said lattice of points in said region to ex-
tremize a total potential energy,

wherein said total potential energy comprises a combination of an atomic

potential energy and an image potential energy,
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wherein the image potential energy comprises a sum of image potentials, and

wherein each of said image potentials corresponds to an evaluation of the

image potential field at one of the lattice points.

(31) The method of claim 30, wherein said operating on the first image to generate the
image potential field comprises detecting edges in said first image, and wherein said

features of interest comprise edges in said first image.

(32) The method of claim 30, wherein said operating on said image to generate the

image potential field comprises:

identifying features of interest in the image;

assigning a first constant value to the image potential field at first spatial

locations corresponding to at least a subset of said features of interest; and

assigning a second constant value to the image potential field at second spatial

locations not corresponding to said features of interest.

(33) The method of claim 32, wherein said first constant value is a maximum value of

said image potential field.

(34) The method of claim 32, wherein said first constant value is a minimum value of

said image potential field.

(35) The method of claim 32, wherein said operating on said image to generate the image
potential field further comprises smoothing a first version of the image potential
field, generated by said assigning the first constant value and the second constant

value, to obtain a second version of the image potential field.

(36) The method of claim 35, wherein said second version of the image potential field is
used to compute the image potentials for a first set of repetitions of said repeatedly

adjusting locations, and wherein said first version of the image potential function
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said repeatedly adjusting locations.
(37) The method of claim 30 further comprising:

randomly displacing the locations of said lattice of points in said space; and

performing multiple iterations of said randomly displacing and said repeatedly

adjusting to obtain a succession of local extrema of the total potential energy.

(38) The method of claim 30, wherein said initializing employs a distance function that
specifies a preferred distance from each point in said lattice to other points nearby
said point, and wherein said preferred distance is a function of location in said

region.

(39) The method of claim 38, wherein said initializing the lattice of points in the region

of space comprises:

reading a first tentative lattice point from a queue;

examining a first neighborhood around said first tentative lattice point to

determine if the first neighborhood contains no points of said lattice; and
if the first neighborhood contains no points of said lattice, executing an update
operation comprising:

adding the first tentative lattice point to the lattice, and

appending new tentative lattice points to the queue, wherein said new
tentative lattice points are assigned coordinate positions corresponding to
an exactly regular lattice with respect to the first tentative lattice point

and the distance function.
(40) The method of claim 39 further comprising:

storing one or more seed points on the queue; and

repeatedly perfoming said reading, examining and conditionally executing the

update operation until the subset of said space is filled.
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function evaluated at the first tentative lattice point, wherein N is the dimension

of said space corresponding to said image.

(42) The method of claim 30, wherein said initializing the lattice of points in the region

of space comprises:

computing a local probability value at a candidate position in the region based

on a distance function;
generating a random number value;

determining if the random number value satisfies an inequality condition with

respect to the local probability value; and
conditionally adding the candidate position to the lattice of points if the ran-

dom number value satisfies the inequality condition with respect to the local

probability value.

(43) The method of claim 42, wherein said initializing the lattice of points further com-

prises:

moving the candidate position through a set of image positions sampled by
said first image; and
performing said computing, generating, determining and conditionally adding

for each of said image positions.

(44) The method of claim 30, wherein the combination is of the form (1 — §)A4 + 4B,
wherein A is the atomic potential energy, B is the image potential energy, and

wherein parameter § takes any value in the range from zero to one inclusive.

(45) The method of claim 30 further comprising triangulating the lattice of points to
generate a mesh from the lattice of points, wherein said mesh comprises a union
of mesh elements, and wherein the vertices of the mesh elements are the lattice

points.
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(47) The method of claim 45 further comprising identifying a union of boundaries of

said mesh elements which approximates one or more of said features of interest.

(48) The method of claim 45 further comprising performing a simulation on the mesh,
wherein the simulation generates output representing a behavior of a physical sys-

tem.

(49) The method of claim 48, wherein the physical system comprises an underground

reservoir comprising one or more fluids.

(50) A computer system configured to determine a lattice of points suitable for a simu-

lation, the computer system comprising;:

a processor,

a memory coupled to said processor and configured to store program instruc-
tions; and

an input port for providing an image to said memory;

wherein said processor is configured to read and execute the program instruc-

tions from said memory, wherein, in response to said execution of the program

instructions, the processor is operable to:

operate on the image to generate an image potential field, wherein said
image potential field attains one or more extreme potential values along
features of interest in said image;

initialize the lattice of points in a region of space corresponding to said
image; and

repeatedly adjust locations of said lattice of points in said region to ex-
tremize a total potential energy,

wherein said total potential energy comprises a combination of an atomic

potential energy and an image potential energy,
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(51) A computer-readable memory mediwm configured to store program instructions,

wherein the program instructions are executable to implement:

initializing a lattice of points in a subset of space sampled by an image; and

optimizing said lattice by moving said points to extremize a composite function
of the spatial coordinates of said points;

wherein said composite function is a weighted combination of a first function
of pair-wise distances between said points, and a second function of sampled
values of said image near said points; and

wherein said optimized lattice of points is usable to generate a mesh for sim-

ulation of a process associated with said image.

(52) The memory medium of claim 51, wherein the program instructions are further

executable to generate a space-filling mesh from the lattice of points.

(53) The memory medium of claim 52, wherein the mesh comprises N-dimensional mesh
elements, wherein the program instructions are further executable to identify a
union of boundaries of a subset of said mesh elements, and wherein said union of

boundaries corresponds to a boundary between regions of interest in said image.

(54) The memory medium of claim 51, wherein said initializing employs a distance func-
tion that specifies a preferred distance from each point in said lattice to other points
nearby said point, and wherein said preferred distance is a function of location in

said space.
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examining a first neighborhood around said first tentative lattice point to

determine if the first neighborhood contains no points of said lattice; and

if the first neighborhood contains no points of said lattice, executing an update
operation comprising;:
adding the first tentative lattice point to the lattice, and
appending new tentative lattice points to the queue, wherein said new
tentative lattice points are assigned coordinate positions corresponding to
an exactly regular lattice with respect to the first tentative lattice point

and the distance function.

(56) The memory medium of claim 54, wherein said initializing the lattice of points com-
prises randomly adding points to said lattice at positions sampled by said image,
and wherein a probability of adding a point to said lattice at one of said sam-
pled positions is determined by the distance function evaluated at said one of said

sampled positions.

(67) The memory medium of claim 51, wherein said optimizing the lattice of said points
comprises repeatedly computing a value of the first function, wherein said comput-

ing the value of the first function comprises:
evaluating a functional form at image sample positions in a neighborhood of
a lattice point to obtain local function values;

adding the local function values to corresponding samples in an array repre-

senting an atomic potential field;

repeatedly performing said evaluating and said adding for each of the lattice

points;
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